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1. SUMMARY

The objective of this research project is to develop ultra-low dark current, high performance III-
V quantum well infrared photodetectors (QWIPs) for focal plane arrays (FPAs) staring imaging
system applications in the 8-12 ym atmospheric spectral window. Since the inception of this
research program in August,1991, this principal investigator and his students have engaged in the
development of a wide variety of novel III-V quantum well infrared photodetectors (QWIPs) for
long wavelength focal plane arrays imaging sensor system va.pplica,tions. Seven new QWIPs were
developed from this work. Figure 1.1 shows the energy band diagrams for these novel QWIPs and
their detection schemes and quantum well parameters. A comparison of the dark current densities
for the conventional BTC QWIP and our QWIPs is shown in Fig.1.2. The normalized spectral
responsivities for the QWIPs developed in this work are illustrated in Fig.1.3. Table 1.1 summarizes
the peak and cutoff wavelengths, responsivities, detectivities, and the BLIP temperatures for these

QWIPs. Major accomplishments from this program are summarized as follows:

A. Research Achievements

o Demonstrated the first bound-to-miniband (BTM) transition GaAs/AlGaAs multiquantum
well/superlattice barrier QWIP for 8-12 ym detection. Large area focal plane arrays (FPAs)
with array size of 128x128, 256x256, and 512x512 based on our BTM QWIP structure have
been successfully developed by Martin Marietta group in Baltimore Lab. for the 8 - 12
pm wavelength IR staring imaging system applications. In additon, two new BTM QWIPs
using a lattice matched InGaAs/InAlAs structure grown on InP and a lightly-strained In-
GaAs/AlGaAs/GaAs structure grown in GaAs substrate have also been developed in this
project. The BTM QWIPs developed in this work all exhibit the photovoltaic (PV) and pho-
toconductive (PC) dual-mode operation characteristics. Reduced dark current and improved
noise performance are the common features of these BTM QWIPs when compared to the

conventional bound-to-continuum (BTC) transition GaAs/AlGaAs QWIPs.

¢ Demonstrated the first multi-color type-II normal incidence AlAs/AlGaAs QWIP grown on
(110) GaAs substrate for the 3-5 ym mid-wavelength infrared (MWIR) and 8-12 ym long
wavelength (LWIR) two-band detection.




o Designed and fabricated different 2-D metal grating couplers with square mesh and circular

mesh grating structures for enhancing the coupling quantum efficiency of the normal IR

incidence radiation in n-type QWIPs.

o Demonstrated the first normal incidence p-type tensile-strained layer (PTSL-) InGaAs/InAlAs
QWIP grown on InP substrate, with the lowest dark current and highest BLIP temperature

(~ 100 K) for a QWIP.

¢ Demonstated a normal incidence p-type compressive-strained layer (PCSL-) InGaAs/GaAs
QWIP for MWIR and LWIR two color detection.

o Published 18 journal papers and presented more than 20 invited and contributed papers at
the international conferences/workshops on quantum well infrared detectors in the past 3

years. Dr. Li has also delivered several invited talks at government research laboratories and

universities.

e Graduated three Ph.D. and three M.S. students who worked on QWIP development project
sponsored by this ARPA/ONR grant for the past three and half years.

e Dr. Li is the co-organizer of the 2nd International Symposium on Long Wavelength Infrared
Detectors— Physics and Applications, for the 186th ECS Meeting held in Miami Beach, FL,
Oct.9-14, 1994. He is the principal organizer of the 3rd International Symposium on Long
Wavelength Infrared Detectors— Physics and Applications to be held in Chicago, October 8-13,

1995.

o Contributed a book chapter (chapter 4, 60 pages) on “Metal Grating Coupled Bound-to-
Miniband (BTM) Transition Quantum Well Infrared Photodetectors” for the monograph on
Long Wavelength Quantum Well Infrared Photodetectors edited by Prof. M. Razeghi, which
is scheduled to publish by Artech House in 1995.
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Table 1.1. Summary of the peak and cutoff wavelengths, responsivi-
ties, detectivities, and BLIP temperature for the developed

QWIPs.

QWIP | ), (um) | A (um) | R (A/W) | D* (em-vHz/W) | Tpr (K)
8.9 (PC) 9.3 0.23 1.2x10'°

BTM | 8.9 (PV) 9.2 0.15 7.5x10° 55

SBTM | 10.5 (PC) | 11.3 0.11 8.1x10° 58
103 (PC) | 11.7 0.038 5.8x10°

VT | 10(PV) | 104 | 12,000 (V/W) 5.7x10° 45
12 (PC) | 132 0.48 2.0x10%

DM | 7.7 (PV) 8.5 | 11,000 (V/W) 1.5%10° 70
22 (PC) | 245 110 1.1x10%?
2.2 (PV) | 245 | 64,000 (V/W) 1.4x101°

T-II | 3.5 (PC) 4.3 18.3 3.0x10"! 50
3.5 (PV) 4.3 | 58,000 (V/W) 1.2x101°
12.5 (PC) | 14.8 0.024 1.1x10°

PTSL | 8.1 (PC) 8.8 0.018 5.9x10'0 100
8.9 (PC) 10 0.024 4.0x10°

PCSL | 5.5 (PC) 6.2 0.007 70
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2. QUANTUM WELL AND SUPERLATTICE STRUCTURES

2.1. Introduction

The introduction of quantum well (QW) and superlattice structure makes it possible to design
and fabricate various novel quantum devices [1-18]. Long wavelength infrared (LWIR) photodetec-
tors using the superlattice and quantum well structures have been extensively investigated based
on bound-to-bound [10, 19], bound-to-quasicontinuum [20], bound-to-miniband [13], bound-to-
continuum {11, 21], and mini- band-to-miniband [22, 23] intersubband transition mechanisms. In
order to understand the optical and electrical properties of quantum well and superlattice struc-

tures, it is necessary to study them from both macroscopic and microscopic theories.

2.2. Methods for Calculating Electronic States

A crystal is made up of a large number of interacting particles, positive nuclei surrounded by
negative electrons. The nuclei form a rigid lattice that is completely frozen at low temperatures.
As the temperature is raised, nuclei vibrate about their mean positions, as described by phonons.
Consequently, the theoretical treatment of the energy levels and wavefunctions in solids cannot be
attempted without a number of Simplifying approximations. We can write the total Hamiltonian

of the system in the form
Hy=T.+ TN+ Vee + Ven + VN, (2.1)

where T, and Tx are the kinetic energy of electrons and nuclei, respectively, and V., Ven, and
Vwn are the electron-electron, electron-nuclei, and nuclei-nuclei interactions, respectively. Since
the strongest force between particles in a solid is due to coulomb interaction, the kinetic (T) and

potential (V) energy terms can be expressed as

—sz,. v? (2:2)
V = Z:47l'e¢,|1',—r1| (2:3)

where Z = 1 is for the electron, otherwise for the nuclei charges.

T
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The system Schrédinger equation can be written as
H.9(R,r) = E¥(R,r). ‘ (2.4)

The system wavefunction ¥(R,r) can be expressed as the product of the nuclei wavefunction x(R)

and the electron wavefunction ¥(R,r),
U(R, 1) = x(R)$(R, ) (2.5)

where R represents the space and spin coordinates of the nuclei and r denotes the coordinates for

the electrons. This eigenvalue problem can be further simplified for electronic states by using some

basic approximations.

Due to the extremely different masses between the electrons and the nuclei, the eigenvalue
problem can be split into two separate, though interdependent, eigenvalue problems for electrons
and nuclei by using the adiabatic approzimation [24], which assumes that electrons will adiabatically

follow the lattice (or nuclei) vibration. The eigenvalues for electrons and nuclei can be solved from
(Te + Vee + Venltn(R, 1) = E.(R)¥n(R, r); (2.6)

[Tn + Vuw + En(R)]X(R) = E.x(R), (2.7)

where subscript n denotes a quantum number of the coordinates for the electrons. Even though
we have the electron eigenvalue expression, this still represents a very complicated many-body
problem. However, most of the systems such as the superlattice can be described by using the
one-electron approzimation, which assumes that the motion of a single electron experiences some
average force due to vibrating lattice and all other particles. These one-electron wavefunctions
satisfy the self-consistent Hartree-Fock equations [25]. The solution of the Hartree-Fock equation
is still a very difficult mathematical problem. For this reason, the band approrimation is often
employed, i.e., one solves the Schrédinger equation with an assumed crystal potential V(r) [26].

The time-independent one electron Schrédinger equation and the potential are given by

[_ anz + V(r)] Yu(k,r) = E.(k)¢¥n(k,r), (2.8)
V(r)=Vi(r) + Va(r)+ Vs(r), (2.9)

where V7, represents the perfect lattice periodic potential, Vg is the superlattice periodic potential,
and Vg is the random scattering potential. Figure 2.1 schematically shows the three components of

V(r). The wavefunction of the electron is 9, (k, r) and the eigenvalue of the electron in the k-space
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for n-th band is E,(k). For example, near the bottom of the conduction band, the eigenvalues of
electrons in a superlattice can be described by

h2
2mg,

En(k) = En(kz) + (kg + kz)7 (2'10)

where E,(k,) is the energy dispersion relation along the superlattice axis (longitudinal) and other

terms are the energy dispersion relations within the superlattice plane (transverse).

There are two different but equivalent procedures for obtaining the energy states and wave-
functions with the band approximation, which assumes that potential is invariant for all symmetry
operations. These two procedures are (1) expand the crystal states on a complete set of Bloch
type function and then determine the expansion coefficients by requiring the states to satisfy the
appropriate Schrodinger equation, such as the tight binding method, the orthogonal plane wave
(OPW) method, or the pseudopotential method, and (2) expand the states on a complete set of
functions that are solutions of the Schrédinger equation within a unit cell and then determine the
expansion coefficients by the appropriate boundary conditions, such as the cellular method, the
augmented plane wave (APW) method, or the Green’s function method. As a practical matter
one has to choose, from physical considerations, the method whose set of basis function sufficiently
represents the exact eigenfunction within the band approximation. Besides the two basic analytical
procedures above, semi-empirical approaches and interpolation schemes (i.e., k.p theory) are also
very powerful tools in determining effective masses and densities of states (DOS) near high symme-
try points in k space such as k = 0 of Brillouin zone center. Based on the k.p method, calculations
of the band structure of a superlattice have been carried out by using the Kronig-Penney model
and the modifications of the boundary condition [27]. The nonparabolicity effects in the band

structures have been taken into account by using the Kane model [5].

By considering only the periodic potential Vz(r) in V(r) (ignoring Vg and Vg), the solution

of the Schriodinger equation is the Bloch type wavefunction,

Y k(r) = Unx(r)ezp(ik - r), (2.11)

- where U, i(r) is a periodic function with the same periodicity as Vi, and n denotes the band index.

By considering slow varying potential Vz and random scattering potential Vs and using calculated
dispersion relation E,(k), the eigenvalues and eigenfunctions can be solved by using the effective
mass envelope function approach. The effective mass envelope equation for n-th band can be written

[Eﬂ(_iV) + Ve + VS]d’ﬂ(r) = E¢n(r)1 (2.12)

14




where ¢y, (r) is the envelope function and E is the eigenvalues that satisfy the effective mass equation.

If the multiband model is incorporated in the effective mass equation, summation over band index

n is required.

If the superlattice growth is along z-direction (x- and y-directions within superlattice plane),

then the Bloch function becomes
Yo k(r) = U, k(2)ezp(ikzz + ikyy) (2.13)

and the envelope function ¢,(r) becomes a function of coordinate z, that is, On(2).

2.3. Superlattice and Miniband

In conventional quantum wells, carriers are confined within potential barriers that are formed
by energy band gap offset between two materials. In order to reduce the tunneling dark current
from the ground states in the quantum wells, the use of thicker barrier layers between the wells
is very important for high performance of the QWIPs. However, these QWIP structures suffer
from the large dark current due to the defect existence in the thicker barrier layers. In order to
overcome this problem, very short period superlattice barrier layers are introduced to replace the
thicker barrier layers [13]. The superlattice barriers can confine the defects within the thin layer and
significantly reduce the dark current. The replacement of the superlattice barrier layer offers several
new features over the conventional quantum wells. They are (1) improvement of the roughness at
the heterojunction interfaces by superlattice smoothing, (2) reduction of interface recombination,
(3) elimination of deep-levels-related phenomena [28], and (4) realization of a coherent conduction

with large quantum photocurrent gain (7).

The superlattice barrier quantum wells also involve the confinement of carriers and the de-
terminations of energy eigenvalues and wavefunctions in the heterostructure. When the carrier
de Broglie wavelength becomes comparable to the barrier thickness of the superlattice, the wave-
functions of the individual wells tend to overlap due to tunneling, hence the global minibands are
formed. The miniband decoupling occurs when the bias voltage across one period of the super-
lattice becomes larger than the miniband bandwidth. From the carrier transport point of view,
the superlattice can have an adjustable effective barrier height by properly selecting superlattice
structure parameters. Due to the adjustability of the superlattice, carrier conduction through the
superlattice can be tuned and modulated by the miniband intrinsic transport properties, such as

coherent tunneling conduction and ballistic resonant conduction.
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2.3.1. Dispersion Relations

In an A-B type-I (two different materials) superlattice with growth direction along the z-axis,
one period of the alternating layers is called the basis of the superlattice, denoting L (= Lg + Lg,
L, for wells and L; for barriers). Since the superlattice period L is much longer than the lattice
constant, the Brillouin zone is divided into a series of minizones, leading to a narrow subband
(or miniband). As a result, the actual wavefunction of a superlattice is the product of the Bloch
wavefunction, which is a periodic function of the atomic potential, and the envelope wavefunction,

which is a function of the superlattice potential,
p(k,r) = z On(2)U,, x(2)exp(iksz + ikyy), (2.14)

where summation is over the band index n and k,, are the transverse wavevectors in x- and

y-direction.

In the effective mass approximation and using the one-band Kronig-Penney model, the envelope

wavefunction ¢,(z) can be written as [29]

5l = { Crcoslka(z — La/2)] + Casinlka(z — Lo/2)] in the well .15
Cacoslks(z + Ls/2)] + Casinlks(z + Ly/2)] in the barrier,
where
o = [2m:(E; E,)'/2 (2.16)
by = [2mZ(E; E)M 2’ (2.17)

Cy~4 ate constants that depend on boundary conditions and subband index parity, E, s are band

minima or maxima for the well and barrier layers.

Bastard [27] has shown that, in the parabolic band approximation, the dispersion relation for

the unbound states is
c08 [ko(La + Ly)] = cos (KaLa) cos (ksLy) - %(1 /€ + €)sin (kaLo) sin (ksLs)  (2.18)
with £ = mjk,/mjk; and k;, defines the superlattice wavevector.

The dispersion relation for the bound states is still valid if one substitutes kp by ixp and £ by

-i¢" with & = mik,/mZiks,
cos[k;(Ls + Lp)] = cos(kqL,) cosh (ky Lp) — %(I/E' — &)sin (ko L,) sink (ks Ly) - (2.19)
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The minibands for the bound and unbound states can be obtained from Egs. (2.18) and
(2.19). The higher minibands could extend above the potential barriers. However, the electron in-
plane wavefunction of superlattice experiences only a regular lattice periodicity, and the dispersion
relations in transverse direction (i.e., k; and ky) are much like those for unperturbated cases (i.e.,
Bloch type wavefunction). It is noted that transverse wavevectors (ks, ky) are conserved across the
interfaces since the interface potential in the envelope function approximation depends only on the
z coordinate. However, the spatially dependent effective masses are not entireiy decoupled and are
3x3 tensors, which introduces nonparabolicity to the subbands. The bandwidth of a miniband is

an exponential function of the superlattice barrier thickness Ly,
T ~ ezp(—CLy), (2.20)

where C is a constant. The miniband bandwidths and miniband energy levels versus barrier thick-

ness are illustrated in Fig. 2.2. It is noted that the bandwidth becomes wider and wider as the

barrier thickness decreases.

Another feature in superlattice is the effective mass modulation. The effective mass m,

of a miniband can be deduced from the dispersion relation E,(k,) = E' (reference) — (1/2)T

cos[k;(Lq + L)),

. 2h?
mz = ﬁ (2.21)
ezp(CLy)
(La + Ly)* o ) 22

A smaller effective mass m? with higher electron mobility for both wells and barriers can be
obtained along superlattice axis. The wider the miniband bandwidth is, the smaller the tunneling
time constant becomes. When the tunneling time is much smaller than the carrier relaxation time
and scattering time, a coherent and ballistic carrier conduction through the miniband can be built

up, which is desirable for QWIP applications.

The above results hold for a perfect superlattice with a flat band diagram, ignoring the effects of
growth layer fluctuations and roughness, electron-electron interaction, electron-phonon interaction,
and depolarization. In reality, all these corrections to energy states and wavefunctions should
be incorporated in the calculations of the miniband properties. In order precisely to analyze
superlattice miniband dispersion relations, the two-band or three-band model should be used in

which interband and intervalley interactions are included (see Appendix A).
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2.3.2. Transmission Probability |T - 7|

The transmission probability through a superlattice can be calculated numerically by using
the transfer matrix method [30]. The carrier conduction in each layer of the superlattice potential
regions consists of superposition of two components propagating in the forward and backward

directions, respectively. The total wavefunctions can be written as

P = w,-*' e tBigtiki 4 (e etiBig—iki (2.23)
where
Ay = A=0,
A = ki(dy+d3+---+di)
i = 3,4,--,N (2.24)
. 1/2
k; = [2;';‘ (E - E,')] , (2.25)

where 1} and 9] represent the magnitudes of the particle wave functions propagating along the
+2z and -z directions, respectively, N is the number of the period of a superlattice, and d;, m], E;
are the thickness, effective mass, and potential energy of i-th layer in the superlattice, respectively.

Since 9 and di)/dz are continuous at the boundaries, we obtain
PF = (e, + rie Ty )/t (2.26)

YT = (r;ei5‘¢;'_'|_l + € 1)/t (2.27)

Here the recurrence relation may be written in matrix form

+ —i§i g o—ibi +
VL[ e men Yin | (2.28)
W L\ pethi et Vi

where (at normal incidence)

ki — kiy1
;= L 2.29
Ry (229)
2%k;
ti= 2.30
T kit ki (2:30)
8 = kid;. (2.31)

Thus, we have

(W)_S( ;)—ss( 3 =558 ¥
- | = _ ] P12 =0+ = 0192 ON : (2.32)
¥ Y2 Y3 YN




Since there is no backward propagating component in the last medium, i.e., Y5, = 0, one can

find 1,b,-+ (i=2,3,--+,N +1) in term of Ei" , where i represents the layer region to be investigated.
+

If we calculate the quantity 3—& as a function of E, then we can obtain the resonant peaks with
1

Lorentzian distribution. The transmission probability is given by

|

R

2.33
P (233)

(77| =

2.4. Carrier Transports

The carrier transport in the QWIPs plays a key role in the performance of QWIPs. In general,
the carrier conduction processes in the quantum well/superlattice structures are quite complicated.
Basically, they can be divided into three different conduction processes: the continuum state con-

duction, the miniband conduction, and the hopping conduction.

2.4.1. Continuum State Conduction

When the excited states of a QWIP lie above the quantum well barrier, the states become
continuum states, which have 3-dimensional (3-D) conduction properties. Charge carriers (i.e.,
either dark or photoexcited carriers) that transport through the continuum states generally have
high mobility under applied bias conditions. If the electric field is high enough, then hot carrier
conduction through the 3-D continuum states is expected. This type of conduction has advantages
of high efficiency, high photoconductive gain, and long mean free path. In fact, if the excited state
is placed just above the barrier, resonant infrared absorption and maximum oscillator strength can

be obtained [31]. This type of the conduction is usually the dominant transport process in a bulk
barrier QWIP.

2.4.2. Miniband Conduction

The miniband conduction is a coherent resonant tunneling process in which photoexcited
carriers are phase-coherent to the incident IR radiation. This coherent conduction can lead to
much higher carrier transmission probability through the quantum well and superlattice. Resonant
transmission mode builds up in the miniband to the extent that the scattering reflected wave is
cancelled out and the conduction transmitted wave is enhanced. The miniband conduction depends
strongly on the miniband bandwidth, heterointerface quality, and layer thickness fluctuation. For
example, it has been demonstrated that the morphological quality of the heterointerface can be
greatly improved by using interruption growth technique for a few tens of seconds [32]. The

interruption growth allows one to reduce the density of monolayer terraces in the plane of the
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heterointerface. As a result, the interface improvement can enhance the coherence of the interfacing
electron wave overlapping and resonant coupling. In the miniband conduction, the effective mass
of the photoexcited electrons can be modulated by superlattice structure parameters, given by
m: = (2h%)/(TL?). An effective mass m} for the miniband smaller than that of both the wells
and barrier may be obtained. As a result, photoexcited electron transport in the miniband will
have a higher electron mobility, which leads to a large oscillator absorption sfrength, high quantum
efficiency, and high response speed. Furthermore, increasing the miniband bandwidth will reduce
the tunneling time constant (i.e., o = k/T = 6.6x107!¢/T'(in eV)). The value of 70 in a QWIP is
estimated to be about 20 fs (for I' = 30 ~ 70 meV), while a scattering time constant rs typically is
about 0.1 ps. Thus, for 79 < s, the coherent resonant tunneling can be builtup in the miniband
conduction process. The photocurrent strongly depends on the tunneling time constant o, while
the intersubband relaxation time constant 7g is about 0.4 ps. From the theoretical calculation, 7o
is found to be about 20 to 100 fs, hence 7o € 7r. Thus, the photoexcited electrons can tunnel

resonantly out of the quantum well/superlattice barrier via global miniband states.

In the miniband conduction, charge carrier transport through miniband states inside the quan-
tum well has an average wavevector k, = eFrg/h, where F is the applied electric field. The drift

velocity vg along the superlattice axis can be expressed as

TL . [eFrgrL
v = osin ( 5 ) . (2.34)
At low electric field, the carrier mobility along the superlattice axis is given by
el'L%rg
I‘z = 2h2 (2-35)

It is noted that the mobility is proportional to the miniband bandwidth I' and the relaxation
time 7R if the superlattice basis L is kept constant. Since the miniband bandwidth is an exponential
function of the superlattice barrier thickness, the carrier mobility is also sensitive to the thickness of
the superlattice barrier layer. A similar conclusion can also be drawn from the Boltzmann equation

using the relaxation time approximation.

2.4.3. Hopping Conduction

When the miniband conduction fails to form coherent conduction at higher electric field, the
incoherent conduction becomes the dominant mechanism, which is referred to as the sequential
resonant tunneling with a random wave phase. In the incoherent conduction, the states in the

quantum wells (i.e., Kane state) become localized within the individual well, and the carriers will
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transport via phonon-assisted tunneling (hopping) with a frequency of eF'L/%. A better approach
for analysis of the incoherent hopping conduction is to utilize the carrier scattering mechanism.
Carrier scattering tends to destroy the coherency of the wavefunctions, hence the fully resonant
threshold value will never be built-up. The mobility of the hopping conduction is usually much lower
than that of the miniband conduction. As the barrier layer thickness or the thickness fluctuation
increases, the maximum velocity vmaz (= I' L/2R) and the carrier mobility decrease. This is due
to the fact that the relaxation time is nearly independent of superlattice period L. The mobility
for the hopping conduction can be expressed as [33]

e S eanl- (A E - B/ L (236)

It is worth noting that the product of vmez 7R is always greater than the mean free path L,
in the miniband conduction. However, it will reduce to even smaller than the superlattice period
L in the hopping conduction limit. When the QWIPs are operating at cryogenic temperature,
phonon-assisted tunneling is suppressed, and other scattering sources such as ionized impurities,
intersubband levels, and interface roughness can also play an important role in the tunneling con-

duction.

2.5. Corrections on Subband Energy States

2.5.1. Electron-Electron Interaction

In the calculations of electronic states in quantum well/superlattice structures, electron-electron
interactions should be taken into consideration when the quantum well is doped to 108 cm™3 or
higher. The interaction includes two components, direct Coulomb force and quantum exchange
interaction, which shift energy states in opposite directions. The Coulomb interaction shifts the
subband up while the exchange interaction shifts down. In type-I quantum wells, the doping in the
quantum well can give rise to charge neutrality within the well, and the exchange energy is more

significant than that of Coulomb interaction.

In the one-electron approximation, the solution of the Hartree-Fock equation gives the self-

consistent eigenfunctions v, and eigenvalues E,. The Hartree-Fock equation can be written as

)+ VW) + X [ de' )P0
2
- ; / e g P Wl o ()bsn o = Ent(®). (2.37)
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The third and fourth terms on the left-hand side of the above equation are the direct Coulomb and

exchange interaction terms, respectively.

The exchange interaction energy term associated with electrons in the bound ground state is

approximately given by [34]

e2k k
Eea:ch(k = 0) ~ —--47r—f [1 - 0.32k—f] , (2.38)
e‘kp [2 kr
Eezch(kF) __4}? [; - 0.3276—1_] ’ (239)

where k1 = 7/Lq, kr = (210)Y/2, and 0 = L,Np is the two-dimensional electron density in the
quantum well. For the unpopulated excited states, the exchange-induced energy shift is very small,
hence the dominant contribution to the energy shift is due to the electron-electron interaction in
the highly populated ground bound state. Figure 2.3 shows a typical exchange-induced energy shift
for Np = 10'® cm™3 and L, = 100 A.

The energy shift in the ground bound state due to the direct coulomb interaction is given by

(35]
30e? :
Eiirect = S—GE%—L—G. (2.40)

This term has a small contribution to the energy shift compared to the exchange-induced energy

shift (seen in Fig. 2.3).

2.5.2. Depolarization Effects

When IR radiation is impinging on a QWIP, resonant screening of the infrared field by electrons
in the quantum well generates a depolarization field effect, which can cause the subband energy shift
(also called the plasmon shift). The depolarization effect arises when the external field is screened
by the mean Hartree field, which is caused by the other electrons polarized by the external field.
The energy shift between subband E, and E; due to depolarization field effect is given by [36]

20e2(Ey — E4)S,
Edep=\/ ! zLa 2 01’ (2.41)

where Sq; is the Coulomb matrix element given by

So1 = /0 "z [ /0 ’ ¢o(z')¢1(z')dz']2. (2.42)

It is noted that the depolarization effect increases as dopant density increases (see Fig. 2.3).
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2.5.3. Other Effects

Besides the corrections discussed above on energy states, the temperature shift [37], band
nonparabolicity [38], and band bending effect [39] due to dopant migration can also alter the energy
states in the wells, which make the deviation from the effective mass approximation. However,
compared with the correction from the exchange energy and depolarization effect, these effects give

only a small correction on subband energy states.
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Figure 2.1. Three components of the potential energy V(r) of electrons:
V = Vi, + Vg + Vg, (a) perfect lattice periodic potential
VL, (b) superlattice periodic potential Vg, and (c) random
scattering potential Vg.
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3. PHYSICS OF QWIPS AND FIGURES OF MERIT

3.1. Introduction

Recently, rapid progress has been made in the development of high performance quantum well
infrared photodetectors (QWIPs) [11-23]. The 128128 imaging sensor arrays using GaAs/AlGaAs
QWIPs for 8 to 14 um LWIR detection have been demonstrated by using hybrid technology [14, 15].
The detectivity of the LWIR QWIPs has been improved dramatically in recent years and is now
high enough to allow fabrication of large two-dimensional (2-D) staring focal plane arrays (FPAs)
with performance comparable to the state-of-the-art MCT IR FPAs.

QWIPs fabricated from III-V material systems such as GaAs/AlGaAs and InGaAs/InAlAs
offer a number of potential advantages over MCT material. These include (1) III-V material
growth by using MBE or MOCVD is more matured than MCT, (2) monolithic integration of III-V
QWIPs with GaAs readout circuits on the same chip is possible, (3) GaAs substrates are larger,
cheaper, and higher quality than MCT, (4) III-V materials are more thermal stable than MCT, (5)
higher yield, lower cost, and higher reliability is expected in III-V QWIPs than in MCT devices,
and (6) III-V QWIPs have inherent advantages in both transient and total dose radiation hardness
compared to MCT detectors.

3.2. Intersubband Transition

The intersubband transition in a QWIP takes place between the subband levels of either
the conduction band or the valence band. It has some unique features, which include (1) large
absorption coefficient [9], (2) narrow absorption bandwidth [40], (3) large optical nonlinearity [41],
(4) fast intersubband relaxation [42], (5) reduced Auger effect [43], (6) wavelength tunability [44],
and (7) large photocurrent gain. The intersubband transition process can be analyzed by using the
dipole transition model [45]. The transition rate W from the initial state 1; to the final state 9y
can be described by

27
Wing = 2 )| <wslVelwi > P8(Es - Ei - hw), (3.1)
!
where w is the incident photon frequency and V,, is the interaction potential between the incident
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IR radiation and the electrons, which is given by [46]

V, = 4o, . p, | (3.2)

myC

where A, is the vector potential, ¢ is the speed of light in vacuum, m, is the free-electron mass, P

is the momentum operator of electron, and & is the unit polarization vector of the incident photons.

Since the electron wavefunction 9, (k, ) in the quantum well is the product of Bloch function
Vo k (r) (= Upx(2)ezp(iksz +ik,y)) and the envelope function ¢,(2), the transition matrix element

can be approximated by

M"f = < (¢n,k¢ﬂ)f|‘/17|(¢n,k¢n)i >
~ < ('pn,k)flv;l(?ﬁn,k)i >eeli< ¢nf|¢m‘ >+
< (Yng)fl(Pn k)i Sceti< Snfl|Voldni > (3.3)

In the interband transition scheme, the dipole transition occurs between the Bloch states while
the envelope states (or momentum vectors) holds constant, hence the second term on the right-hand
side of Eq. (3.3) tends to vanish. However, in the intersubband transition scheme such as QWIPs,
the dipole transition is between the envelope states while the Bloch states remain nearly constant,
thus the first term on the right-hand side of Eq. (3.3) becomes zero. From the calculation of
the transition matrix element M;; = < 9¢|V;|®¥; >, the transition selection rules and the incident

polarization requirement for the intersubband transition can be determined.

Finally, the absorption coefficient a can be calculated by using the expression [46]

2rheWi_, ¢

TR (3.4)

Qif =

where n, is the refractive index of the medium. This absorption coefficient curve can be fitted
by the Lorentzian function. The integrated absorption strength I4 for the polarized incidence

radiation at the Brewster angle is given by

2
Iy =oNs-Sh___ Jos (3.5)

4eom*c n?-‘ /ng + 1 ’
where N is the number of quantum wells, S is the quantum well structure factor, and fos is the

dipole oscillator strength given by

4rm*c La/2 2
fon = < / ¢,z¢,-dz> . (3.6)

-La/2
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When the incident radiation is perpendicular to the quantum well surface, transition matrix
element M;; is zero if the shape of constant energy surface of the material is spherical. A nonzero
transition rate can be obtained by using either a 45° polished facet illumination or a grating coupler
[47) for the spherical constant energy surface materials. For a transmission grating coupler, the
grating equation is given by

n,8inby, — sinb; = mAy /A, (3.7)

where ), is the resonant incident wavelength, A is the grating period, 6;,, denote the incident
and the m-th order diffracted angle with respect to the superlattice axis, respectively. In a grating
coupled QWIP, the integrated absorption strength I4 in Eq. (3.5) should be multiplied by a factor

of sin? 6, /cosf,.
3.3. PC and PV Detection Modes

A photodetector may be operated in either the photoconductive (PC) mode or the photovoltaic
(PV) mode. In the BTC QWIPs, most of the them are operated in the photoconductive (PC) mode
and a few are operated in the photovoltaic (PV) mode. However, in the BTM QWIPs, they may
be operated in the PC and PV dual-mode detection because of the bandwidth modulation effect
in the miniband conduction QWIPs. |

A photoconductor exhibits a change in resistance ARy when IR radiation is impinging on it.
This change of the resistance is due to the generation of the mobile carriers in the photoconductor.
The photogenerated carriers An can be written as

n A Qo"'L

An= %

(3.8)

where 7 is the quantum efficiency, A®, is the incident photon flux, 77, is the excess carrier lifetime,
V' is the volume of the detector. The photogenerated carriers will transport in the detector under
applied bias, thus resulting photovoltage signal. The change in output photovoltage AV, due to

the resistance change is given by
VaBRy A Ry

B (R + Ry)?’
where Ry, is the load resistance and its value is chosen to be about equal to R; in order to give

AV, = (3.9)

optimized output signal.

When a QWIP operates in the photovoltaic detection mode, the photogenerated carriers can
be transported in the detector without using externally applied bias. An internal built-in poten-

tial, V3;, can be created in the bound-to-miniband intersubband transition, which is due to the
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growth asymmetry and effective mass filtering effect through the global miniband. In the PV mode
detection, the QWIP has an extremely low dark current, and the detector noise is dominated by
Johnson noise which is much lower than that of the PC mode detection. The PV mode detector

performance can be evaluated by RyA, product, where A, is the active area of the detector.

3.4. Figures of Merit

In designing a quantum well infrared photodetector, it is important to understand the key
parameters that determine the performance of a QWIP. They include: the dark current I, noise
equivalent power (NEP), responsivity (R), and detectivity D}. The QWIP performance can be

evaluated by these parameters, which are often called the figures of merit.

3.4.1. Dark Current I

In a quantum well infrared photodetector, the dark current is due to both the thermionic
emission and tunneling conduction. In a conventional QWIP, thermionic emission conduction is
dominant, whereas in a BTM QWIP thermionic-assisted tunneling conduction through the mini-
band is dominant. In order to achieve a background limited performance (BLIP) in a QWIP, the

dark current must be kept below the background photocurrent (also called window current).

In the low-field regime, the thermionic emission current is related to the density of mobile

carriers n; and the average drift velocity vg. It can be expressed as [48]
L, = Agevgng, (3.10)

where Ay is the detector active area, and

_ 23
" S [ (311
ng = (m*kgT/wh’L)ezp[—(Ec: — Er)/(k8T)]. (3.12)

Here v, is the saturation drift velocity, E.,; is the cutoff energy related to the cutoff wavelength

A, and m*/ 7h? is the 2-dimensional density of states. The Fermi level Er can be obtained from

_ m*kgT Er - E,
Np = L zn:ln [1+ea:p( T )] (3.13)
m*
~ —— Y (Er-E,). :
g S(Br = Eo (3.14)

It is noted that Np expression is valid for summation over subband levels E,, below the Fermi

level EF and the approximate expression for Np is only true for cryogenic temperature.
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As a result, in the cryogenic temperature range, the dark current from thermionic emission

conduction is exponentially proportional to the doping concentration in the quantum well,

Ly, o eEF/(k8T) o (ONp/(k5T) (3.15)

where C is a constant. It is noted that the dark current is a strong function of the quantum well
doping concentration. On the other hand, the intersubband absorption is proportional to the well
doping concentration. Therefore, the optimized QWIP performance is the tradeoff between the

high intersubband transition and the low dark current operation.

In the miniband conduction, the coherent tunneling current component is dominant compared
to the thermionic emission current component and other components such as sequential tunneling,
phonon-assisted tunneling, and defect-assisted tunneling. The coherent tunneling current along the

superlattice axis can be expressed by [49, 50]
o0
Ton = 44 [T -Tlo(E. V)E: (3.16)
0

where |T' - T| is the transmission probability (see Chapter 2.3.2) and g(E,, V;) is the energy distri-
bution function along superlattice axis at bias voltage V;, which can be expressed as

4remikpT ( 1+ e:vp[(EF - Ez)/(kBT)] ) )

9(Ez, V) = 13 1+ exp[(Er — E, — eV;)/(kBT))

(3.17)

Modified Fermi level Ep resulting from the correction due to exchange energy, cryogenic tem-

perature, depolarization effect should be used in the calculation of both Ii; and Liy,.

3.4.2. Spectral Responsivity R

Spectral responsivity R4 for the PC mode QWIP is defined by the photocurrent output (in
ampere) under IR radiation power (in watt) at a specific wavelength. The responsivity depends on

the detector quantum efficiency 7 and the photoconductive gain g, and can be written as

e e
RA = E(’I] -g) = Eﬂc (3.18)
A
— mﬂc, (3.19)
where
n=&(1 - Rs)(1 - e~™), (3.20)

Here Ry is the reflection coefficient (typical 0.3 for GaAs), & is the polarization correction factor
(k = 0.5 for n-type QWIP and k = 1 for p-type QWIP), m is the number of absorption pass, a is

the absorption coefficient for the superlattice, and [ is the total superlattice thickness.
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The spectral responsivity (V/W) for the PV mode QWIP can be obtained from the relationship
Ry = R4 - R4, where Ry is differential resistance of a QWIP.

3.4.3. Collection Efficiency 7.

The QWIP collection efficiency 7, describes the converting efficiency from incident radiation
photons to net carriers that are collected at the output of the QWIP, and is defined as the product

of the quantum efficiency 7 to photoconductive gain g, namely, . = 7. g.

Photoconductive gain g is expressed as the ratio of the carrier transport lifetime 77 to the
transit time 7 through a QWIP. From the empirical point of view, the photoconductive gain can
be described in terms of the capture or trapping probability p. [51, 52],

g= lN;pfclc__ (3.21)
The trapping probability p. is defined as the ratio of the escaping time in the well region to the
lifetime of the excited carriers from the confined ground state. If the excited states are resonantly
lined up with the top of the barrier, the escaping time will be greatly reduced, thus minimizing

trapping probability and maximizing the photoconductive gain.

The final expression for 7. can be given by

1-—

_ _ _ p~mal Pc

7. = K(1-Rs)(1 | e )_Npc (3.22)
o mal ' ’

It is noted that the approximate expression is only true for mal < 1 and p. < 1.

3.4.4. Noise Characteristics of a QWIP

The common sources of noise in a QWIP are the thermal noise, generation-recombination (g-r)
noise, and the flicker noise. The thermal noise in a QWIP may be attributed to the random motion
of the charge carriers. It produces a fluctuating emf across its terminals and is related directly to the
detector temperature. In semiconductors, the number of carriers fluctuate because of generation and
recombination via donors, traps, recombination centers, or band-to-band transitions. Therefore,
the resistance, R, fluctuates. If § R(t) represents this fluctuation and a dc current I flows through
the sample, then a fluctuating emf §V(t) = I6R(t) will be developed across the terminals. This
noise is called the generation-recombination noise, or g-r noise. Most of the noise sources has a

frequency-independent spectrum at low frequencies, whereas the spectral intensity decreases at
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higher frequencies. The only exception is the flicker noise, which usually has a 1/f spectrum
throughout the entire frequency range. As a result, the flicker noise is often called the 1/f noise.

We shall briefly discuss each of these noise sources as follows.

(i) Thermal Noise: Thermal noise theory was first reported by Nyquist in 1928 [53]. The ther-
mal noise, also known as Johnson noise [54], is the dominant noise source at very low bias in a
QWIP. From the Nyquist equation, the current spectral density for a QWIP with resistance R and

temperature T can be expressed by

Si(f) = f‘.’}i{@ (3.24)

(i) Generation-Recombination (g-r) Noise: The general expression for the fluctuation of free carrier

density N in a QWIP can be expressed as

X = o) = #(N) + Ag(t) - Ar() (3.29)

where g(N) and r(N) denote the generation and recombination rates of carriers, respectively, and
Ag(t) and Ar(t) describe the randomness in these rates. With N = N, + AN, g(N,) = r(N,), and

Poisson statistics, AN? = N, the g-r spectrum density can be written as

T

— 7T
Sn(f) = 4AN 77

(3.26)
This equation is valid for all the g-r processes described by fluctuations in carrier density N.

(iii) Flicker Noise: Flicker noise was discovered in vacuum tubes by Johnson [54] in 1925 and
interpreted by Schottky in 1926 [55). The main characteristic of the flicker noise is that it has a
1/ f* spectrum with a close to unity. For that reason, the flicker noise is also referred to as the 1/ f

noise.

One popular explanation for the 1/ f noise is the so-called McWhorter model [56] which inter-
prets the 1/ f spectrum as a superposition of a large number of Lorentzian spectra, 44;7;/(1+w?r?).
Another possible explanation for the 1/f noise is given in terms of mobility fluctuations caused by
lattice scattering and Brehm strahlung effect, which produce true 1/ f noise. However, the observed
excess noise in QWIPs at low frequencies does not exactly show a —1 frequency slope, and hence

the McWhorter model appears to be more adequate for the QWIP devices.

(iv) Noise Gain: In a QWIP, the number of conduction electrons is equal to the total number of

electrons N, excited from the bound ground state to the miniband states. For an average current
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I; = N.i., the noise current spectral density is given by

. —2AN2  r :
Si(f) = i.2Sn(f) = 41,,,2765_ Eanr (3.27)

For a QWIP that satisfies the Poisson statistics, the variance AN? is equal to N.. Using
I; = ¢N./74, Eq. (3.27) becomes
_— 1
(f) = A 2
Si(f) 4qugl n ) (3 8)
where g = - is defined as the “noise current gain”; 7 is the carrier lifetime and 74 is the carrier

transit time across the QWIP. For most QWIPs with wr < 1, the g-r noise current spectral density

can be simplified to .
Si(f) ~ 441ug (3.29)

(v) Electron Trapping Probability:

To derive the electron trapping probability expression for a QWIP, three assumptions are made
in the model: (a) the photon flux is independent of the position; (b) the dark current is limited by

thermal effects and the interwell tunneling is negligible, and (c) perfect ohmic contacts.

Let us consider a QWIP with N quantum wells. If p denotes the electron trapping probability
for the excited carriers in the extended states to be trapped into the bound ground state of the
quantum well, then (1 — p.) is the probability that electrons will escape from the well region.
Applying the current continuity condition, the photocurrent flows through the N quantum wells of
the QWIP can be expressed by [51]

’(1 _pc) = q¢n(1 - Pc) (3.30)

tphoto = 9¢77 De Npc

where the quantum efficiency n & N 7', and 7' is the quantum efficiency of the single quantum well.

The photocurrent gain g is related to the capture probability p by

g= (3:31)

Since the current gain of a QWIP is independent of the excitation methods, the photocurrent

gain given in Eq. (3.31) should be the same as the noise gain.
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3.4.5. Detectivity D}

The detectivity of a QWIP is a very important figure of merit, which measures the QWIP
sensitivity and the normalized QWIP noise equivalent power (NEP) with respect to the detector
area and noise bandwidth. It can be calculated by

D= @, (3.32)
where Af is the noise spectral bandwidth, and ¢, is the overall root-mean-square noise current (in
unit of A) for a QWIP. In general, the noise current for the QWIP includes two components, one

is QWIP’s dark current noise i,4 and the other is 300 K background photon noise current 2.

. ' 02 . -
The dark current noise 47 ; is given by

2 { delsgAf for G-R noise (3.33)

nd = 4—"}{5;T—A f for Johnson noise.
The G-R noise is associated with random thermal excitation and decay of the carriers, thus resulting
in the fluctuation in the number of the carriers in the QWIP. The G-R noise is the dominant noise
current source in the PC mode detection QWIP. However, the Johnson noise is associated with the

fluctuation in the velocity of the carriers, which is the dominant noise current source in the PV
mode detection QWIP.

The background photon noise is caused by the fluctuations in the number of background pho-
tons absorbed by a QWIP, which can be calculated based on the arrival statistics of the incoherent

photons. The background photon noise current i2, is given by [57, 58]

. Py

i2, = 4e?g? (nnk—;) B, (3.34)
where P; is the incident background optical power for unit time, B is the QWIP bandwidth, 7 is

the absorption quantum efficiency, & is the polarization correction factor, v is the incident photon

frequency, and g is the photoconductive gain.

The overall noise current for the QWIP is expressed by

2 = 2,4+ (3.35)
= deg [Id +eg (nn:—lﬁ)] Af (3.36)
= deg(ls+ h)AS, (3.37)

where I = egnk[Py/(hv)] is the background photocurrent detected by the QWIP. When I; < I,

the overall noise current i, ~ i,;, and the QWIP is operated under the background photon noise
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limitation. When Iy > Iy, the overall noise current i, ~ i,4 and the QWIP is operated under

the operation of G-R noise or Johnson noise limitation. The detectivity D} for each noise source

limitation can be calculated by

Dt L"R“i ;A‘Af for background photon noise limitation
A= !_-/_-"
Ra ‘:"A‘f for dark current noise limitation.

tn,

(3.38)

3.4.6. Background Limited Performance (BLIP)

A mid-wavelength or long-wavelength QWIP has two kinds of backgrounds: (1) high temper-
ature ambient background (T = 300 K) and (2) low temperature cold background (T = 77 or 195
K). Under the normal thermal imaging condition, the total current feeding to the following readout
circuits in a QWIP includes both the dark current I and 300 K background photocurrent I; (i.e., I
+ I;). Due to the limitation on the charge handling capacity in the following readout circuits, the
total current level of a QWIP under proper operation must be below this limited charge capacity
for a given integration time of the imaging arrays. In addition, in order to achieve the stable and
clear imaging patterns, it is highly desirable to operate QWIPs under the background photon noise
limitation, that is the background limited performance (BLIP).

The BLIP operation requires that I, > I;. In order to reduce I; down to less than I,, QWIP
has to be operated at a low temperature T ~ 77 K for LWIR (8 ~ 14 um) detection and T ~ 195
K for MWIR (3 ~ 5 um) detection. BLIP temperature Tprp can be found from

I(T = Toww) = I (3.39)
B ' :

= egnK (E) (3.40)

= AgegnkQy (3.41)

where Q; = P3/(Aq hw) is the incident photon flux density from the background for a given spectral
bandwidth Av at peak wavelength A,. @ is given by

2r  viAv .o [0
@ = EwikeTs 1" (5) ’ (3.42)

where 6 is the field of view (FOV) and Tp is the background temperature of the QWIPs (T = 300
K for ambient temperature). On the other hand, the background photocurrent I, can be modified
by using different FOV. As a result, Tprp for a QWIP can also be changed by using different FOV

optical configuration.

In a BLIP QWIP, the dominant noise source is the background photon noise while other noise

sources such as G-R noise and Johnson noise are negligible in comparison. Under normal imaging
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conditions, the photosignal current L,; can be approximated by
Iph = (e/hv)nKkg Pon, | (3.43)

where Py, is the incident optical signal power for the unit time. By setting the signal-to-noise power
ratio equal to unity (i.e., L, = in3), the background-limited noise equivalent power (NEP)gLp and
the detectivity Dp;p for the QWIPs can be expressed by

(NEP)pir = 2vhvBPF,/(nx), (3.44)
1/2
Dip = AdB/(NEP)gLip= 5’,‘; (-g—':) . (3.45)

It is noted that the detectivity Djj;;p for the BLIP QWIP is independent of both photoconductive
gain g and dark current I;, while the detectivity for the non-BLIP QWIP is dependent of both the
g and the I;.

When the readout circuit noise is ignored, %BLIP for a QWIP can be evaluated by using
%BLIP ~ — (3.46)
(&% + 202

where i, and 4,4 are the 300 K background photocurrent noise and dark current noise, respectively.
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4. METAL GRATING-COUPLED BOUND-TO-MINIBAND TRANSITION GaAs/AlGaAs
QUANTUM WELL SUPERLATTICE INFRARED DETECTOR

4.1 Introduction

A principal concern with quantum well infrared photodetectors is obtaining high detectivity at
high operating temperature. A high temperatures (77 K or higher), the detectivity is significantly
reduced because of the existence of large dark current and its associated thermal noises. In the
bound-to-continuum transition detector, the major dark current consists of thermionic emission
contribution arising from the Maxwell-Boltzmann tail of Fermi-Dirac distribution above the AlGaAs
barrier. To reduce the dark current, a higher barrier potential is needed to suppress the thermionic

emission contribution.

The introduction of superlattice and quantum well technology makes it possible to design
and construct various novel quantum devices which were impossible to make earlier. Several long
wavelength infrared (LWIR) detectors based on bound-to-bound [19, 10], bound-to-virtual excited
state [20], and bound-to-continuum {21, 11] state transition in the multiple quantum well structures
have been extensively explored. A large photoconductive gain [59] has also been observed in the

quantum-well infrared photodetector (QWIP’s).

Here we focus on a class of long wave infrared (LWIR) detectors using the enlarged quantum
well and short-period superlattice barrier structures. The infrared detection mechanism is based on
the bound-to-miniband (BTM) transition and superlattice miniband transport. A high superlattice

barrier potential is used to suppress the thermionic emission contribution to the dark current.

The creation of enlarged quantum wells and resonant miniband transport structure offers a
great deal of design flexibility and improved device performance. Figure 4.1 shows the schematic
conduction band energy diagram of the BTM transition GaAs/AlGaAs QWIP. The intersubband
transition takes a place from the localized bound ground state Egw, in the enlarged wells (EWs)
to the resonant-coupled miniband state Egy, of the superlattice (SL) barrier. The absorption region
of the detector consists of GaAs EWs cladded by the Al1GaAs/GaAs superlattice (SL) barriers at

both sides. The physical parameters of the quantum wells and superlattices are chosen so that
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there are only two levels in the EW region, and the first excited level Egw, of the EW is merged
and lined up with the ground level miniband Egz, of the SL on both sides of the GaAs quantum
well to achieve a large oscillation strength f and intersubband absorption coefficient a. Since the
superlattice has a relatively thin barrier, the photoexcited electrons can easily tunnel through the

superlattice and transport along the aligned miniband, which are then collected by the external

ohmic contacts.

4.2 Sample Preparation

The AlGaAs/GaAs multiple quantum well (MQW)/superlattice (SL) layer structure was grown
on a semi-insulating (S.I.) GaAs substrate by using the molecular beam epitaxy (MBE) technique.
A 1 pm thick GaAs buffer layer of 2.0 x 10!8 em™3 was first grown on a S.I. GaAs substrate, followed
by the growth of a 40-period of GaAs quantum wells with a well width of 88 A and a dopant density
of 2.0 x 108 ¢m~3. The barrier layer on each side of the GaAs quantum well consists of a 5-period
of undoped Aly 4GageAs (58 A) /GaAs (29 A) superlattice layers which were grown alternatively
with the GaAs quantum wells. Finally, an nt-GaAs cap layer of 0.45 pym thick and dopant density

of 2.0 x 108 ¢m—3 was grown on top of the MQW layer structure to facilitate ohmic contact.

4.3 Theory, Experiments, and Discussions

In order to understand the mechanism of bound-to-miniband transition, a numerical calculation
of the relative density of states D(E) = C |¢(E)|?, where C is a constant, for different potential
energy E was performed for the multiple quantum well/superlattice layers by the matrix method
[30]. For simplicity, the parabolic energy band relation and an effective mass m* = 0.0665m¢ were
assumed in the calculation. Results are shown in Fig. 4.2. From the figure, one finds that a broad
miniband Egy, structure was formed in the quantum well and the first excited state Egw, = 163
meV is merged with the superlattice miniband Egr. The ground state is at Egw, = 42 meV. The
Fermi level E; was found to be 68 meV above the ground state Egw,. The exchange energy shift
[34] due to the doping concentration is estimated to be Egc, = 5 meV at T = 300 K, and 18 meV
at T = 20 K, respectively. Outside the quantum wells, the first continuum state is about 4 meV
above the barrier (E.,, = 326 meV), and the second continuum state Ey, is 48 meV higher than
the first continuum state. A large energy separation E.,, — Egw, — Ezcn = 300 meV is used to

suppress the thermionic emission [40, 60].

Figure 4.3 shows the absorption spectral curve of the sample measured at T = 300 K by

using a Perkin-Elmer Fourier transform infrared (FTIR) spectroscopy at the Brewster’s angle.
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The absorption peak is centered at A, = 9.6 pym. The measured peak absorbance A = -log;,
(transmission) was found to be about 7 x 10~2. The bandwidth broadening, slightly larger than
the expected value of 16 meV, might be attributed to the result of interface roughness and spatial
inhomogeneities in the well and superlattice widths [9], high temperature influence, and higher
subband lifetime broadening effect. Considering the peak wavelength position A, as well as the
uncertainties such as band gap discontinuity, actual electron density distribution, true well shape,
interactions between the electrons and phonons (phonon scattering), electrons and electrons, the

experimental results are in good agreement with the theoretical prediction.

Device characterization was carried out in a liquid-helium cryogenic dewar. An HP4140B
semiconductor parameter analyzer was used to measure the dark current vs. voltage (I-V) curves.
Figure 4.4 displays a semi-log scale plot of the I-V curves obtained for temperatures between 42
and 85 K. Under dark conditions, electrons can transfer out of the wells and produce the observed
current mainly via two mechanisms. One is the thermionic emission out of the quantum wells,
which is the dominant component of the dark current for the low barrier structure detectors at low
bias, especially at higher temperatures. The other is the thermally generated carriers tunneling
through the superlattice miniband. In the bound-to-miniband transition structure, we chose a high
value of ‘Al’ composition, z = 0.4, which gave the barrier potential as high as AE. = 322 meV
(~ 65%AE,). The highly localized and heavily populated ground state Egw, resides deep in the
enlarged quantum well sandwiched between the large potential superlattice barrier regions, and
far from the continuum states above the barrier. Therefore, carriers due to thermionic emission
out of the quantum wells in the new QWIP’s can be greatly reduced. On the other hand, the
thermally generated carriers tunneling through the Egw, and the miniband can also be reduced by
adjusting the bandwidth [61, 62] of the miniband Egy. For our quantum well device with an area
A = 4x10~* ¢m? and a doping concentration ng = 2.0 x 108, the dark current I; was found to be
around 8 x107® A at V; =02V and T = 68 K, and 9 x10~8 em~3 A at T = 77 K, respectively.

To enhance the light coupling efficiency to the quantum wells, we developed a planar trans-
mission metal grating coupler for the top illumination, which consists of regularly spaced metal
grating fingers. Its periodicity A is chosen so that the phase matches the peak wavelength of the
spectral response (blazing wavelength Ag) of the detector. The metal grating was deposited by
using E-beam evaporation of AuGe-Ni-Au materials. A high efficient grating pattern deposited on
the top surface of the detector mesa structure for the front surface illumination was obtained by
using a new planar grating with a periodicity A = 5 pm and ratio factor ¢/A = 0.4, where ¢ is

the metal strip width. The photocurrent was measured as a function of temperature, polarization
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direction, radiation wavelength, using a CVI Laser Digikrom 240 monochromator and an ORIEL
ceramic element infrared source. Due to the very large device resistance (> 500K in the temper-
ature range from 6 K to 77 K) and the small values of dark current I; present in the device , the
short-circuit measurements were used to determine the photocurrent I,,. Figure 4.5 (a) shows the
normalized measured responsivity curve versus wavelength for the detector, which shows a peak
spectral response at 8.9 um at T = 20 K. In the inset of Fig. 4.5 (a), we also show the cross sectional
view of a top illuminated metal grating coupled QWIP’s used in this study with a periodicity of 5
pm. Figure 4.5 (b) shows the measured responsivity Ry as a function of the applied bias voltage
Vs using 8.9 um radiation at T = 20 K; a maximum responsivity Ry = 0.54 A/W was obtained
at V3 = 1.2 V. As expected, the device responsivity R, increases with the applied bias voltage
from V3 = 0 to V; = 0.6 V. For V;, > 0.6 V, the photocurrent becomes saturated. A maximum
operation bias at 1.8 V was obtained, and the photocurrent was found to decrease rapidly beyond
1.8 V, corresponding to the onset of the misalignment between the quasi-bound state levels and the
superlattice miniband. The conduction mechanism for V3 > 1.8V is due to phonon assisted tun-
neling (or hopping conduction). Further increase in the applied bias voltage will result in a strong
decrease of the detector responsivity, which is consistent with the fact of a total misalignment of
the minibands in the EWs and the superlattice barrier layers. We also measured the temperature
dependence of the responsivity, and found that the responsivity was slightly decreased as the tem-
perature increased. However, the change was small, and the responsivity still retained a peak value

of Ry =0.38A/WatV, =12V,and Ry =023 A/Wat, =02Vand at T = 77 K.

It is worthwhile mentioning that a relatively large photocurrent was observed even at zero bias.
One reason for this may be resulted from the space charges built up inside the superlattice layers.
Another important mechanism could be due to the strongly coupled coherent states (miniband)
transport in the superlattice structure. Since a large portion of the electron wave functions in the
superlattice region is overlapped and the discrete quantum levels of the different superlattice layers
are so closely packed, a strongly degenerate miniband is formed in the superlattice. There exists
large coupling effects among these states. In other words, the excited electrons in the miniband
are co-governed and shared by different quantum wells in the superlattice region, and the resonant
tunneling can easily take place along the miniband. Therefore, the low bias operation, or the
zero bias (dual-mode) condition can be realized in such a short period superlattice composed
photoconductive detector. Similar phenomena were also observed in the different superlattice

devices [7, 22, 23], even without grading layer.

From the measured responsivity and dark current, we can calculate the detectivity D* of the
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detector using the expression
D3 = Ry\(AAS)?[(4e,GAf)'/? | (4.1)

where A is the effective area of the detector, G is the optical gain, which can be evaluated from
Ry = n()/1.24)G and 7 = (1/2)(1 — e 2'), and Af is the bandwidth. For ¥, = 0.2 V, we
found D* = 1.6 x 10!® cmv/Hz/W at A = 8.9 um and T = 77 K. By optimizing the device
parameters further improvements in detector performance can be realized in a GaAs/AlGaAs MQW

IR detector.

The bound-to-miniband (BTM) transition detection scheme offers a great deal of flexibility
in detector design and manufacture. It has received a lot of industrial attention for its potential
infrared imaging applications. Extensive work has been conducted at Martin Marietta Laboratories
in developing high quality 128 x 128 long wavelength infrared (LWIR) detector array systems by
using the BTM transition scheme. The arrays consist of 30 periods of enlarged wells and superlattice
barriers. Pixels were 40x40 pm on 50 pm centers. The peak wavelength is at A\, = 9.5 um, with a
full width at half maximum (FWHM) of 1.5 um. At a bias of -3.0 V the peak responsivity was 50
mA/W, yielding a peak D* = 4 x 10° cm Hz'/2/W at T = 80 K.

The hybridized focal plane array (FPA) had an uncorrected response non-uniformity of 18%
and dark current non-uniformity of 20 - 30%. The pixel operability was greater than 99%. The
noise-equivalent temperature difference of the array was about NEAT = 0.1 K, at T = 60 K. With
the improvement of readout electronics, a single pixel limited NEAT < 0.01 K is achievable.

4.4 Conclusion

In conclusion, we have demonstrated a novel GaAs/AlGaAs multiple quantum well infrared
photodetector (QWIP) using the bound-to-miniband transition, resonant tunneling and effective
mass filtering mechanisms. The new structure also shows the advantages of large intersubband
absorption and dual mode operation. With high detectivity, low bias operation, and grating coupled
surface illumination, the GaAs QWIPs can be used for high quality detector arrays and infrared

imaging sensors.
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ster’s angle.
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5. LOW DARK CURRENT STEP-BOUND-TO-MINIBAND TRANSITION
InGaAs/GaAs/AlGaAs QUANTUM WELL INFRARED DETECTOR

5.1 Introduction

The possibility of realizing novel high-speed quantum well devices such as lasers, photode-
tectors, and modulators has spurred extensive investigations on the intersubband absorption in
quantum wells and superlattices. A great deal of work has been reported on the lattice-matched
GaAs/AlGaAs [11, 63, 13] and InGaAs/InAlAs/InP (64, 65] quantum well systems. Recent study
[13] revealed that 8 — 12 um infrared detectors may be obtained by using a multiquantum well(MQW)
or superlattice (SL) barrier structure and resonant tunneling mechanism. A significant improve-
ment in intersubband absorption and thermionic emission has been successfully demonstrated using
a GaAs/AlGaAs superlattice reinforced bound-to-miniband (BTM) transition [13] structure. The
replacement of the bulk barrier region with a very short period superlattice barrier layer offers
several new properties such as reduction of interface recombination, elimination of deep level re-
lated phenomena [28], realization of a new type of quantum photocurrent gain (~ 10%) [7], and a

significant enhancement of intersubband absorption.

5.2 Theory and Experiments

Here we describe a low dark current lightly-strained InGaAs/GaAs/AlGaAs QWIP based
on the step-bound-to-miniband (SBTM) transition, superlattice miniband resonant tunneling and
coherent transport mechanism. As illustrated in Figure 5.1, the transition scheme of our QWIP’s
is from the localized bound ground state in the enlarged Ingg¢7Gap.93As quantum wells to the
resonant-coupled miniband of GaAs/ Alp.4GageAs superlattice (SL) barrier. This new structure
created a potential ‘step’ in the superlattice barrier region to block the undesirable tunneling dark
current from the heavily doped ground state Egw in the quantum well. The physical parameters
of the quantum wells and superlattices are chosen so that the ground bound state in the enlarged
(EW) InGaAs well is pushed below the step barrier, and the first excited level Egw, of the quantum
well is merged and lined up with the ground level of the miniband Egy, in the superlattice barrier
layer to achieve a large oscillation strength f and intersubband absorption coefficient a. Since the

superlattice has a relatively thin barrier, the photoexcited electrons can easily transport through
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the superlattice barrier layers along the aligned miniband, and are then collected at the external

ohmic contacts.

To characterize the SBTM transition we performed theoretical calculations of the energy states
Egw, Esr, and the transmission coefficient 7*T on our LWIP’s by using the multiple-layer transfer
matrix method, and the results are shown in Figure 5.2. It is noted that a broad and strongly
degenerated miniband Es;, was formed inside the enlarged well by using the superlattice barrier
structure. The ground state of the enlarged InGaAs well is confined much below the step barrier
height so as to reduce the sequential tunneling and hopping currents. As a comparison, in the inset
of Figure 5.2, we calculated the transmission coefficient of the superlattice for both the step-bound-
to-miniband (SBTM) transition structure and the normal bound-to-miniband (BTM) transition

structure without the potential step. Many orders of magnitude reduction in T*T were observed

in the present SBTM structure.

The SBTM detector structure was grown on a semi-insulating (S.I.) GaAs substrate by using
the molecular beam epitaxy (MBE) technique. A 1 ym thick GaAs buffer layer of 1.4 x 1018 cm™3
was first grown on a S.I. GaAs substrate, followed by the growth of a 40-period of Ingo7Gap.93As
quantum wells with a well width of 106 A and a dopant density of 1.4 x 10'® ¢m~3. The barrier
layer on each side of the quantum well consists of a 5-period of undoped Alp.4GageAs (30 A)
/GaAs (59 A) superlattice layers which were grown alternatively with the InGaAs quantum wells.
Finally, a 0.4-um-thick n*-GaAs cap layer with dopant density 1.4 x 10! ¢rn=3 was grown on top
of the MQW/SL layer structure to facilitate ohmic contacts. An array of 200 x 200 pm? mesas
were chemically etched down to the nt-GaAs buffer contact layer on the GaAs substrate. Finally,

AuGe/Ni/Au ohmic contacts were evaporated onto the top and bottom of nt-GaAs contact layers

by using E-beam evaporation.

Device characterization was performed in a liquid-helium cryogenic dewar. An HP4140B semi-
conductor parameter analyzer was used to measure the dark current vs. voltage (I-V) curves. Under
dark conditions, electrons can transfer out of the quantum wells and produce the observed current
mainly via two mechanisms. One is attributed to the thermionic emission out of the quantum wells,
which is the dominant current component at higher temperatures (i.e., for T > 77 K). The other
is the thermally generated carriers tunneling through the superlattice miniband. In the present
SBTM transition structure, we created a levita,téd potential step in the superlattice to block much
of the tunneling current component due to electron tunneling from the heavily populated ground

state at low temperatures. We also chose a high value of ‘Al’ composition, z = 0.4, which gave rise
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to a barrier potential as high as AE, ~ 388 meV (~ 65%AFE,), to suppress the thermionic emission
out of the quantum wells. Figure 5.3 shows the measured dark I-V curves for temperatures between
35 and 92 K. Substantial reduction in device dark current was achieved in the present step-potential

reinforced InGaAs multiquantum well/GaAs/AlGaAs superlattice barrier structure.

To identify the origins of the dark currents flow in the detector we performed the numerical

calculation of the dark currents using the expression [2, 11}

_ ArqAv(E)m kT
= AL

/0 IT(E, )P{in[l + e~ E-ENXT| _ip[1 4 ¢~ E-V=-EN/KT\gE;  (5.1)

where v(€) is the electron velocity in GaAs which is given by [67]

— pE +vs(E/E )4
"8 = T E/e)

(5.2)

where ¢ is the electron charge, A is the device area, m* is the electron effective mass, L is the
multiquantum well period, E; is the Fermi level, and & is the critical field, which is equal to
4 x 10% V/cm for GaAs. As previously described (chapter 3), the parameter |T(E, £)|? is the field-
dependent transmission coefficient which can be calculated by using the multi-layer matrix method,
assuming the potential energy variation of V(2) = V + g€z. The calculated current values are in
good agreement with the observed results, which shows that the levitated step potential barrier is
indeed very effective in suppressing the device dark current. Another interesting result observed in
this SBTM LWIP’s (as shown in Figure 5.3) is the negative resistance exhibited by the sequential
resonant tunneling through an expanding high-field superlattice domain [68] at a low temperature.
A detailed study of the device conductance was also performed at T = 77 K (Figure 5.4). The
high-frequency oscillations of the measured conductance confirms the existence of the resonant

tunneling (RT) and negative differential resistance (NDR).

Measurement of the intersubband absorption for the present detector was performed at 300 K
using a Perkin-Elmer Fourier transform infrared (FTIR) spectroscopy. Figure 5.5 shows the room
temperature absorption spectra at the Brewster’s angle (g = 73°). The measured peak absorbance
A = -log;, [transmission] was found to be about 40 mAbs. The absorption peak is centered at 11.4
pm. The full width at half- maximum (FWHM) of the absorption peak is about 220 cm™!. To
determine the spectral responsivity, the edge of the sample was polished into 50° to facilitate light
illumination. The photocurrent was measured using a CVI Laser Digikrom 240 monochromator
and an ORIEL ceramic element infrared source. The responsivity Ry = 0.38 A/W was obtained at
Vi, = 5 Vand T = 77 K. Figure 5.6 shows the normalized responsivity versus wavelength measured

at 77 K. From the measured responsivity and dark current, we can calculate the detectivity D* of
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the detector using the relation
D} = R\(AAf)Y?/(4qLiGAf)? ' (5.3)

where Ay = 4 x 10~% cm? is the effective area of the detector, G is the optical gain which is taken as
0.5. At V3 = 5V, we found that values of the peak detectivity at A, = 10.5 um are D* = 0.81 x 10'°
and 2.1 x10'° cmv/Hz/W for T = 77 and 63 K, respectively.

5.3 Advantages of Step-Bound-to-Miniband transition Structure

There are many unique features about the newly developed InGaAs/GaAs/AlGaAs SBTM
QWIP [73]. Some of them are listed in the followings:

¢ High Operation Temperature and Low Dark Current: Dark current is a key device
parameter for the background limited QWIPs, especially for temperatures T > 77 K. Under a
dark condition, electrons can transfer out of the quantum wells and produce the observed dark
current mainly via two mechanisms. One is the thermionic emission out of the quantum wells,
and the other is the carrier tunneling through the superlattice along the miniband. Based on

our calculation, it can be shown that the former mechanism is the dominant component of

the dark current at low bias and at higher temperatures. With the new bound-to-miniband

device structure and the adoption of a much larger barrier height V5, the E3 and other
closely spaced higher continuum states could be lifted far away from E; and miniband of
the SL. Meanwhile the bound states of the quantum wells are deeply “positioned” inside the
superlattice and far from the quasi 3-D continuum states above the barrier. Due to relatively
large barrier height, the thermionic emission current out of the quantum wells is expected to
be effectively suppressed. The introduction of a step bulk barrier in the new step-bound-to-
miniband transition (SBMT) structure allows the ground state level of the enlarged quantum
well to be located below the step bulk barrier in the superlattice, and the tunneling current
can also be further suppressed. Therefore, significant reduction in the detector dark current

can be expected from this new structure.

¢ Dual-mode Operation: Low bias operation is always preferred in many infrared appli-
cations. Due to the strongly coupled coherent states (miniband) transport in the SBMT
structure, a large portion of the electron wave functions in the superlattice region overlaps.
The discrete quantum levels of the different superlattice layers are so closely packed, a strongly

degenerate miniband is formed in the superlattice barrier region. There exist large coupling
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effects among these states. In other words, the excited electrons in the miniband are co-
governed and shared by different quantum wells in the superlattice region, and the resonant
tunneling can easily take place along the miniband even with a small perturbation or an
externally applied electric field. It is interesting to note that we have observed a relatively
large photocurrent in such a detector even at zero bias. Therefore, the low bias operation,
or zero bias condition (dual-mode operation) could be realized in the proposed SBMT MQW

IR detector using a short period of superlattice barrier.

High Optical Gain: A large optical gain can be achieved in the proposed SBMT MQW
IR detector. Unlike the conventional GaAs QWIP’s, the carrier transport in this SBMT
MQW IR detector structure is via the lowest miniband (the ground state) of the SL. The
photocarriers in the ground state miniband have a longer lifetime than those in the higher
order minibands, and the re-capture rate by the quantum wells is also much lower in the
ground level miniband. With a proper design, it is possible to realize a higher photocurrent
gain, given by G = r./t., in the QWIP based on the miniband transport and effective mass
filtering effect [f], where 7, is the electron lifetime in the superlattice and %, is the electron
transit time. Since the tunneling probability increases exponentially with the reduction of
barrier width in the superlattice and the tunneling time decreases with the reduction of
the barrier width, by adjusting the superlattice structure parameters, an optical gain much

greater than unity can be obtained in this proposed IR detector.

High Speed: Due to the effective mass filtering effect in the step-bound-to-miniband tran-
sition (SBMT) structure, the holes are relatively confined in the superlattice region, and the
electron transport is via the lowest miniband (the ground state) of the SL. The resonant
tunneling time along the aligned miniband can be very short and hence a high response speed

at 10pum wavelength can be expected in this detector.

Adjustable Spectral Bandwidth: In our proposed SBMT MQW IR detector structure,
the bandwidth of the spectral response of the detector is mainly determined by the aligned
coherent miniband, which highly depends on the superlattice barrier width. A thin barrier
will give a broad photoresponse bandwidth, and a thick barrier will result in a very narrow
photoresponse bandwidth. Furthermore, with a hybrid combination of varying the widths
of the superlattice barrier and the quantum well, we can select an optimum barrier width
which will enable us to cover a broad uniform spectral bandwidth from 8 to 12 um with high

quantum efficiency and high responsivity.
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5.4 Conclusion

In conclusion, we have demonstrated a new step-bound-to-miniband (SBTM) transition LWIP’s
using a lightly-strained InGaAs multiquantum well and a GaAs/AlGaAs superlattice barrier layer
structure and resonant tunneling mechanisms. The new structure provided a levitated potential
step in the superlattice barrier to block much of the tunneling current component from the heavily
populated ground state in the quantum wells, which resulted in a significant reduction of the device
dark current. The peak detectivity was found to be D* = 2.1 x 10%mv/Hz/W at A = 10.5 pm
and T = 63 K. With high detectivity and uniformity, this new SBTM LWIP’s can be used for a

wide variety of long wavelength (e.g., 8 — 12 um) infrared applications.
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Figure 5.1 The schematic energy band diagram for the step-bound-to-miniband (SBTM)
transition in a new LWIP’s structure by using lightly strained InGaAs (106
A) material. A potential ‘step’ is created in the GaAs/AlGaAs superlattice
barrier layer to suppress the tunneling current from the heavily populated

ground state in the InGaAs quantum well.
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Figure 5.3 Measured dark current vs. applied bias for a SBTM LWIP’s for 35 < T <
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Figure 5.4 A detailed study of negative differential conductance and miniband transport.
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Figure 5.5 Measured room temperature (T = 300 K) intersubband absorbance versus
wavelength for the SBTM LWIP’s by FTIR spectroscopy at Brewster’s angle.
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Figure 5.6 Relative responsivity versus wavelength for a SBTM LWIP’s measured at 77
K. A broad spectral sensing range is obtained. As noticed by changing the
bias direction, the miniband reinforced infrared detector has the capability of
tunable band width.
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6. A VOLTAGE-TUNABLE InGaAs/InAlAs QUANTUM WELL INFRARED PHOTODETEC-
TOR (VI-QWIP)

6.1. Introduction

Long-wavelength quantum well infrared photodetectors (QWIPs) based on intersubband tran-
sitions for detection in the 8-14 um atmospheric spectral window have been extensively investigated
in recent years. Studies of the intersubband absorption in the InGaAs/InAlAs system for 3 to 5 pm
and 8 to 14 um detection have also been reported [17, 72]. Since the InGaAs/InAlAs heterostruc-
ture has a large conduction band offset (AE, ~ 500 meV) compared to GaAs/AlGaAs system, it
is a promising candidate for both the mid-wavelength infrared (MWIR) and the long-wavelength
infrared (LWIR) applications. Recently, we have reported the observation of a largely enhanced
intersubband absorption in the InAlAs/InGaAs system using intersubband transition for 8-14 um
[72] wavelength detection. The result showed multi-color infrared detection can be realized in
the InGaAs/InAlAs QWIP due to a much large potential barrier created by using a short period

superlattice barrier structure and resonant miniband conduction mechanism.

6.2. Design Consideration

A dual-mode (PV and PC) operation InGaAs/InAlAs QWIP [44] based on the voltage-tuned
(VT) bound-to-miniband (BTM) transition mechanism was designed and fabricated. The VT-
QWIP layer structure was grown on a semi-insulating (SI) InP substrate by using the molecular
beam epitaxy (MBE) technique. A 1-um Ing 53Gag.47As buffer layer with dopant density of 2x1018
cm~2 was first grown on the SI InP substrate, followed by the growth of 20 periods of enlarged
Tng 53Gao.47As quantum wells with a well width of 110 A and a dopant density of 5x10'7 cm™3.
The barrier layers on each side of the quantum well consist of 6 periods of undoped Ing.s2Alo.48As
(35 ;1) /Ing.53Gag.47As (50 ;1) superlattice layers. A 0.3-pm-thick n*-Ing 53Gag 47As cap layer with
a dopant density of 2x10'® cm™3 was grown on top of the VT-QWIP layer structure to facilitate
the ohmic contact. Figure 6.1 shows the energy band diagram for this VT-QWIP. The transition
scheme is from the localized ground state level Egw; of the enlarged well (EW) to the global
resonant-coupled miniband Egg; in the superlattice (SL) barrier. The physical parameters of the

quantum well and superlattices are chosen so that the first excited level Egw; of the EW is merged
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and lined up with the ground miniband Egz; of the SL on both sides of the quantum well to obtain

a maximum intersubband absorption strength.

To analyze these bound-to-miniband transition schemes, theoretical calculations of the energy
states Egwn, Esza (n = 1,2,...) and the transmission probability [T - T| for the VT-QWIP were
carried out by using the multi-layer transfer matrix method. In this design, a broad and highly
degenerated miniband was formed by using the superlattice barrier structure. The center energy
position of the first miniband is located at 163 meV above the conduction band edge of InGaAs
EW with a bandwidth of I' ~ 60 meV. In order to precisely determine the intersubband transition
levels, we have considered both the electron-electron interaction (exchange energy) E.zcn and de-
polarization Ege, effects. The results show a lowering of ~ 5 meV for the heavily populated bound
states Egw1 in the quantum well. The peak absorption wavelength can be found from the relation,

1.24

= m). 6.1
ESLI - EEWI + Eea:ch - Edep (” ) ( )

Ao

Now, substituting values of Esz; = 163 meV, Egw1 = 51 meV, and Eczep - Egep ~ 5 meV
into the above equation, we obtain A\, = 10.6 pm. The infrared intersubband absorption versus
wavelength for the VT-QWIP was measured at the Brewster angle (g ~ 73°) by using a Perkin-
Elmer Fourier transform interferometer (FTIR) at room temperature [72]. The results showed a

main absorption peak centered at A, = 10.7 um with a spectral linewidth of Av = 500 cm™L,

6.3. Experiments

The mesa structure for the VT-QWIP was formed by chemical etching through the QWIP
active layers and stopped at the nt InGaAs buffer layer for ohmic contact. The active area of the
detector is 200200 um?. To enhance coupling efficiency for normal illumination and angular-
independent radiation polarization, a planar two-dimensional (2-D) metal grating coupler was
formed on the VIT-QWIP by using electron beam (E-beam) evaporation of 0.2 um gold films.
The metal grating coupler consists of equally spaced square shape metal grating with a grating
periodicity of A = 10 ym and a geometrical ratio factor d/A = 0.5, where d is the width of the

square metal grating.

Figure 6.2 shows the dark current-voltage (I-V) and the differential resistance (Rg) curves
for the QWIP measured at T = 67 K. Asymmetric dark current characteristics was observed in
the QWIP (mesa top as positive bias). The photocurrent was measured as a function of temper-

ature, bias voltage, polarization direction, and wavelength using an ORIEL 77250 single grating

62




monochromator and ceramic element infrared source. Figure 6.3 shows the normalized responsivity
versus wavelength measured at V, = 0, - 0.5 V and T = 67 K. In the PV mode operation (V,
= 0 V), the detector has a peak wavelength response at A, = 10 ym with a cutofl wavelength A
= 10.4 pm. When a negative voltage is applied to the QWIP, the PC mode conduction becomes
the dominant conduction mechanism. The peak wavelength A, for the PC mode detection was
found to be at A, = 10.3 pm, while a full width at half maximum of Av = 232 cm™! (~ 29 meV)
was obtained from Fig. 6.3. The bandwidth AA/A, = 24 % from PC mode response curve was
found to be much narrower than the room temperature FTIR absorption curve [72]. The inter-
subband transitions of both the PC mode and PV mode are attributed to the energy resonant
transition from the ground state Egw; to the global miniband Egy; states which are aligned with
the first excited state Egws in the quantum well. The intersubband resonant transition (maximum
absorption strength or maximum wavefunction overlap) depends strongly on the location of the
first excited state Egws of the quantum well relative to the miniband edges, Eszy [15]. In the
VT-QWIP structure, the Egw, lies near the top of the miniband edges Espi, which results in a
strong, blueshift (0.7 ym compared with room temperature FTIR peak wavelength 10.7 ym), and
narrow-band spectral response in the PV mode detection with a linewidth of AA = 0.7 ym at a
half maximum. The bound-to-miniband transition QWIP operated in the PV mode offers a unique
feature of ultra-narrow bandwidth (AA/A, = 7 %) infrared detection, which is not attainable in a
conventional bound-to-continuum QWIP. As the negative bias increases, relative position between
the “embedding” state Egw2 and the “framing” state Eszy can be adjusted by the “controlling
bias” due to the different dependence of Egw, and Egz; on the bias voltage. A peak wavelength
blueshift of about 0.4 ym (compared with the FTIR peak wavelength) was observed at V, = - 0.5
V and T = 67K. As expected, a broad-band spectral linewidth of AA/A, = 24 % at V, = - 0.5
V was obtained in the PC mode as shown in Fig. 6.3. It is notice that 0.3 ym peak wavelength
shift between the PC mode and PV mode operation was obtained by the applied bias. In the
bias-tuned QWIP structure, not only can the spectral bandwidth be tailored to the desired width
(from 7 % to 24 %), but the spectral response peak can also be tuned as well. This tunability can
be obtained by modulating the relative position of the first excited bound state in the quantum
wel within miniband states. For example, if the first bound excited state lies at the bottom edge
of the miniband, then the spectral response will produce a redshift with a longer short-wavelength
tail and narrow bandwidth. On the other hand, if the first bound excited state lies at the top of
the miniband, then a blueshift results with a longer long-wavelength tail and narrow bandwidth.
However, if the first excited state is in the middle of the miniband, then a broader photoresponse

curve is expected. This tunability is illustrated in Fig. 6.4.
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The photocurrent responsivities R4 of the PC mode and PV mode operation were measured
at T = 67 K, A, = 10.3 pm and 10 pm, respectively, and results are shown in Fig. 6.5. The peak
responsivity for PV mode was found to be 12,000 V/W at 10 pm. The photocurrent responsivity
R, for the PC mode, measured at V; = - 0.5, - 1.5 V, was found to be 38 mA/W, 145 mA/W,

respectively.
6.4. Results and Discussion

The detectivity D} can be calculated from the measured responsivity and dark current. Pho-
toconductive gain can be also derived from the noise measurement. The results yielded a peak
detectivity D% = 5.8x10° cm-v/Hz/W at A, = 10.3 pm, V;, = - 0.5 V, and T = 67 K for the PC
mode operation. As shown in Fig. 6.5, the value of D} decreases with increasing negative bias
V, due to the increase of dark current with increasing the bias voltage. The zero bias differential
resistance Ry was found to be about 450 KQ at T = 67 K. Since the detector operating in the PV
mode is limited by Johnson noise, the detectivity D} for the PV mode was found to be 5.7 x 10°
cm-\/E/W. In order to verify the zero bias noise, we also measured the noise current by using a
lock-in amplifier, which yielded a value of i, = 9.0x10~14 A, in good agreement with the calculated

value from the Johnson noise expression.

Due to the dopant migration into superlattice barriers from the doped quantum wells, an
internal built-in electric field E;; is generated with the direction opposite to the QWIP layer growth
direction. Schematic energy band diagram of considering the dopant migration effect is illustrated
in the Fig. 6.6. The miniband bandwidth on two side of each quantum well was modified by the
existence of the Ey; (so called miniband bandwidth modulation (MBM)). As a result, bandwidth of
the global miniband becomes spatially nonuniform with broadening on the well right-hand side and
narrowing on the left-hand side as shown in the Fig. 6.6. The 15 meV wider miniband bandwidth on
the side of toward-growth-direction of each InGaAs well than that on the side of backward-growth-
direction can be identified and confirmed by temperature-dependent dark I-V and photocurrent
measurements. For V; < - 0.15 V, the photoresponse at A, = 10.3 um decreases with increasing
bias voltage, indicating that the internal photovoltage is offset by the applied bias voltage in this
bias range. For V3 > - 0.15 V, the response starts to increase again, which implies that the PC
mode conduction will take over when applied bias exceeds the built-in potential Vy; ~ + 0.15 V
resulting from miniba,ﬁd bandwidth modulation. The built-in electric field E; is estimated to be
about 2.0x10% V/cm, which is slightly below the electric field E, = 3x10® V/cm for the peak

value of electron drift velocity v4. Since tunneling time constant 7, is inversely proportional to the
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miniband bandwidth T (7, = k/T), the tunneling probability of the photoexcited carriers is 40 %
higher toward growth direction than backward growth direction. This different carrier tunneling

probability resulting from the MBM gives rise to the PV mode detection.

6.5. Conclusions

In conclusion, we have demonstrated a new high performance PV and PC dual-mode operation
InGaAs/InAlAs QWIP using voltage-tuned bound-to-miniband transition mechanism. Both the
narrow-band PV mode and broad-band PC mode detection at A, ~ 10 ym peak wavelength have
been achieved. Using the dual-mode operation and bound-to-miniband transition InGaAs/InAlAs
QWIP structure grown on the InP substrate, it is possible to design high performance two-color

staring focal plane arrays and infrared imaging sensor for use in the 3-5 um and 8-14 pym detection.
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Figure 6.1. Schematic energy band diagram showing the intersubband
transitions from the ground state Egw; to the miniband
states Egr;. The relative position of the first excited state
Egw2 to miniband edges strongly influences the resonant
intersubband transition [16].

66




102

103

104

105

106

Dark Current 1, (A)

1077

108

10°®

Figure 6.2. Dark current and differential resistance versus applied bias for the

-1.5

10 05 00 05 10

Negative Bias Voltage V}, (V)

InGaAs/InAlAs QWIP measured at T = 67 K.

67

Differential Resistance R d(ﬂ)




1.0
PC Mode:
Ap =103 pm
08 | aAc =117pm
L PV Mode:

£
% Ap =10pm
g 06 F  a -104pm
Q.
)
P11 s
o«
S
= 04 }
S
)
0

02 P

0.0 { 1

5 7 9 11 13 15

Wavelength (um)

Figure 6.3. Relative responsivity versus wavelength for the InGaAs/InAlAs QWIP
measured at T = 67 K.

68




5

3 A

2

>

/]

c

s ; N

o -
c 9 10 11

Wavelength (um)

Figure 6.4. Relative spectral response versus wavelength for VT-QWIP
(a) Egwa lined up at the top of the Egz; miniband states
(blueshift), (b) Egw2 in the center of the Egz; miniband
states (broad bandwidth), and (¢) Egw2 at the bottom of
the Egz; (redshift).

69




150

120 |

8

Responsivity R, (mA/W)
(o2
o

(]
o

0.0 0.3 0.6 0.9 1.2 1.5
Negative Bias Voitage V V)

Figure 6.5. Responsivity and detectivity versus applied bias V; at A, =
10.3 pym and T = 67 K.

70

o
o

o
”n

o
(<)

3.0

zZ/W

9

Detectivity D, (X 10" ) cm




\ [

P i— Y - E bi

Figure 6.6.

...............

QW/SL growth direction ——»

Modified energy band diagram at zero bias. An internal
electric field Ej; is generated in the VT-QWIP, and a mod-
ulation miniband bandwidth is formed with tunneling time
constant to the left-hand side larger than that to the right-
hand side, 7,(left) > 7,(right).

71




7. A DUAL-MODE PC AND PV GaAs/AlGaAs QUANTUM WELL INFRARED PHOTODE-
TECTOR (DM-QWIP) WITH TWO-COLOR DETECTION

7.1. Introduction

Recently, there has been considerable interest in the study of long-wavelength intersubband
quantum well infrared photodetectors (QWIPs). A great deal of work has been reported on the
lattice-matched GaAs/AlGaAs and InGaAs/InAlAs multiple quantum well and superlattice sys-
tems using bound-to-bound [19], bound-to-miniband (BTM) [13], and bound-to-continuum [11]
intersubband transitions. Although a majority of the study on intersubband absorption has been
based on the photoconductive (PC) mode operation [69], studies of the photovoltaic (PV) mode
operation have also been reported in the literatures [16, 18, 22, 70]. However, due to the relatively
low detectivity in these PV mode QWIPs, they have to be operated below 77 K to reduce the
Johnson noise. Therefore, improvement of the performance in PV mode QWIPs is highly desirable

for large area focal plane array (FPA) image sensor applications.

7.2. Design Consideration

A new GaAs/AlGaAs dual-mode (PC and PV) quantum well infrared photodetectors (DM-
QWIP) based on bound-to-continuum state transition mechanism was designed and fabricated
[71]. Both PC and PV detection modes for this QWIP can be operated at 77 K with excellent
characteristics. By properly selecting the detector parameters, we tuned the PV and PC mode
operations to the different response peak wavelengths. The DM-QWIP layer structure was grown
on a semi-insulating (SI) GaAs substrate by using the molecular beam epitaxy (MBE) technique.
A 1-pm-thick GaAs buffer layer with dopant density of 2x10'® cm™3 was first grown on the SI
GaAs substrate as an ohmic contact layer, followed by the growth of 40 periods of enlarged GaAs
quantum well with well width of 110 A and a dopant density of 5x10'® cm~3. The enlarged barrier
layer on each side of the GaAs quantum well consists of an undoped Alp 25Gag 75As (875 ;1) layers.
Finally, a n*-GaAs cap layer of 0.45 um and a dopant density of 2x10'® cm~2 was grown on top
of the QWIP layer structure to facilitate ohmic contact. The physical parameters of the device
structure are chosen so that there are two bound states inside the enlarged well (i.e. Egwo and

Egw1), and the continuum states Egn are just slightly above the top of the barrier. A high dopant
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density of 5x10'8 cm~3 was used in the enlarged GaAs quantum well so that the ground state

Egwo and the first excited state Egw; are heavily populated by electrons to enhance absorption .

of infrared radiation in the quantum well. In order to minimize the undesirable tunneling current
through the barrier layers, a thick (875 A) undoped Alg25Gag.75As barrier layer was used in this

QWIP structure to suppress the tunneling current from the ground state Egwo and the first excited

state Egw.

Figure 7.1 (a) shows the energy band diagram of the DM-QWIP, which illustrates the Fermi-
level and two possible intersubband transition schemes. The first transition scheme is from the
localized ground state Egwo in the GaAs quantum well to the first continuum band states Eon
above the AlGaAs barrier. The second transition scheme takes place from the first excited state
Egw; to the continuum states Ecx. Due to the dopant migration into the enlarged AlGaAs barri-
ers from the heavily doped GaAs quantum well during the layer growth, the actual conduction band
diagram in the DM-QWIP is shown in Fig. 7.1 (b). The asymmetric band bending between two
side of the quantum wells induces the internal electric field Ey;, which is opposite to the direction
of the quantum well layer growth. To analyze these transition schemes, we performed theoreti-
cal calculations of the energy levels of the bound states and continuum states and transmission
probability |T - T| for this QWIP using a multilayer transfer matrix method [13] and the results
are shown in Fig. 7.2. It is noted that the tunneling probability from the ground states and first
excited state through the barrier layers are dramatically reduced so that the tunneling current is
virtually eliminated. In order to precisely determine the intersubband transition levels, a complex
calculation of the energy difference between the subband levels in the DM-QWIP should be per-
formed. These include considerations of band nonparabolicity [38], electron-electron interaction
[34], electron plasma [36], and energy band bending effect [39]. For simplicity, we have only consid-
ered the effects due to energy bending, depolarization, and electron-electron interaction in heavily
doped bound states in the quantum well. By taking these effects into account, both bound states
Egwo and Egw; are lowered by about ~5 meV. Thus two intersubband transition peaks should
be observed in the DM-QWIP, which corresponds to infrared wavelengths of 7.7 um and 12 um.
Due to the thick barrier layers used in this QWIP, only thermal- and photoexcited electrons can be
transported through the continuum states above the barrier and collected by the external ohmic
contacts. As a result, charges separation occurs under the internal electric field Ey;, which leads to
the creation of a potential difference between the two ohmic contacts of the detector. Furthermore,
an asymmetrical energy band bending due to heavy doping effect can also promote the creation of

internal photovoltage under IR illumination.
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7.3. Experiments

The DM-QWIP mesa structure was created by chemical etching through the qﬁantum well
active layers and stopped at the 1-um-thick heavily doped GaAs buffer layer for ohmic contact.
The active area of the detector is 200x200 gm?. To enhance the normal incidence coupling efficiency
in the quantum well, we apply a planar metal grating coupler on the top of detector for normal
illumination. The planar metal grating coupler consists of regularly spaced metal grating strips of
0.2 um thickness and was deposited by using electron beam (E-beam) evaporation of AuGe/Ni/Au
materials. To achieve high coupling efficiency, the metal grating strips with a grating periodicity
of A=5 um and ratio factor d/A = 0.5 (d: the metal strip width) were used in this DM-QWIP.

The infrared intersubband absorption spectra of the sample were measured at the Brewster an-
gle (§p = ~ 73°) by using a Bruker Fourier transform interferometer (FTIR) at room temperature.
The directly measured quantity is the absorbance A = -logio(transmission), which can be converted
to the absorption coefficient a for 45° incident value. The main lobe of absorption coefficient for
incident of 45° is shown in Fig. 7.3. It is noted that main absorption peak is centered at A, = 12.3

um.

Figure 7.4 shows the current-voltage (I-V) curves and the differential resistance Ry values for
the DM-QWIP measured at negative bias and T = 77K (mesa top as positive bias). It is noted

that the dark current for bias voltage between - 1 and - 2 V is extremely low, which is attributed

_ to the dramatically reduced tunneling current resulting from the increase of barrier layer thickness.

Asymmetric dark current characteristics was observed in the DM-QWIP with a higher current in
positive bias than that in negative bias, which results from the asymmetric effective barrier height
at different polarity of applied bias as shown in Fig. 7.5. The photocurrent was measured as a
function of temperature, bias voltage, polarization direction, and wavelength, using an ORIEL
77250 single grating monochromator and ceramic element infrared source. Figure 7.6 shows a
plot of the normalized responsivity versus wavelength for the QWIP measured at T = 77 K. Two
responsivity peaks were observed: one at A, = 7.7 pum and V, = 0 V, and the other at A, =
12 pym and V, > - 1 V. At zero bias condition, the detector operates in the PV detection mode
with a peak photovoltage responsivity Ry = 11,000 V/W at A\, = 7.7 um, which is attributed
to the ground state Egwo to the first continuum state Egn transition above the barrier. The
photoexcited carriers are driven by the inferna.l Vi (or Ep;) to generate a PV response current
from the top of mesa to the bottom. At T = 77 K, the zero bias differential resistance was found to

be Rqy = 5.5 MQ at T = 77 K. Since the detector operating in the PV mode is limited by Johnson
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noise (i.e. in = \/LITE’ZI’_A_f/_IZ—d), the detectivity D3 for the PV mode was found to be 1.5x10°
cm-vHz/W. In order to verify the zero bias noise, we also measured the noise current by using a
lock-in amplifier, which yielded a value of i, = 3.0x10~4 A, in good agreement with the calculated
value from Johnson noise expression. When a negative bias voltage V is applied to the detector
that is opposite to the Vi, the PV response vanishes, and the PC mode conduction becomes the
dominant detection mechanism with a PC response current from the bottom of the mesa to the
top. The bias dependence of the photocurrent responsivity R4 was measured using a 12 ym IR
radiation at T = 77K, and the result is shown Fig. 7.7. The maximum responsivity R4 was found
to be 0.48 A/W at V, = - 2V and T = 77 K. As expected, the detector responsivity R4 increases
with the applied bias voltage from Vs =-1VtoVy =-2V.For ¥, > -2V, the photocurrent
becomes saturated. The cutoff wavelength for this detector was found to be A, = 13.2 pm with a

spectral bandwidth AA/A, of 18.3 %.

From the measured responsivity and dark current, we can calculate the detectivity D3 of the
detector using formula, D} = Ra(AgAF)/?/i,, where Ay is the effective area of the detector and
Af is the noise bandwidth. The dark current G-R noise i, is given by i, = Viel;gAf and may
be evaluated from the measured responsivity R4 = (A/1.24)(7g) and the unpolarized quantum
efficiency expression 7 = (1/2)(1-e~2*!). The photoconductive gain, g, can be also derived from
noise measurement. The results yielded a peak detectivity D} = 2x10'° cm-vHz/W at A, = 12
pm and T = 77 K for the PC mode operation. As shown in Fig. 7.7, the value of D} decreases

with increasing negative bias voltage.

7.4. Conclusions

In conclusion, we have demonstrated a new high performance PC and PV dual-mode operation
GaAs QWIP using transition from the highly populated ground state and first excited state in the
enlarged GaAs quantum well to the continuum band states above the AlGaAs barrier. The two
bound states confined in the quantum well are a result of using the enlarged quantum well structure
in the GaAs/AlGaAs DM-QWIP. With high detectivity and low dark current for both the PC and
PV mode IR detection, the GaAs/AlGaAs DM-QWIP can be used for high performance two-color

and dual-mode operation staring focal planar arrays and infrared imaging sensor applications.
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Figure 7.1. Schematic energy-band diagram for a GaAs/AlGaAs DM-QWIP
structure, (a) ideal case and (b) asymmetric energy-band bend-
ing which is a result of dopant migration effect in the quantum
well. An internal electric field E;; is generated within the QWIP
structure, which is opposite to the growth direction of the QWIP.

76




i /
oV r’
20 = cesesees . 04V ,‘f ]
—-Sseamiem 1.2v
_ -40 [
g
= "
S
- 60 |
i EEWO /
-80 | o
hf v Eg
>". ¢
-100 IIIllLllllllIll:lllllllll
0 50 100 150 200 250

Energy (meV)

Figure 7.2. Calculated energy states and transmission coefficient [T' - T'| for
the GaAs/AlGaAs DM-QWIP structure by using a multiple-layer

transfer matrix method.

7




e W BN I N NN B B GE S O B G B e T G E

4200
2~ 3500 |
£
S
S 2800t
T
2 p
© |
£ 2100 b
O
o
=
S 1400 }
e
Q b
a
< 700}

0
6 18

Wavelength (um)

Figure 7.3. Measured intersubband absorption coefficient (converted to
45 ° incident values) by Bruker FTIR at the Brewster angle
and T = 300 K.

78




Dark Current 1, (A)

Negative Bias Voitage \Ib V)

Figure 7.4. Dark current and differential resistance versus applied bias
for the GaAs/AlGaAs DM-QWIP at T = 77 K.
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8. A NORMAL INCIDENCE TYPE-II QUANTUM WELL INFRARED PHOTODETECTOR
USING AN INDIRECT BANDGAP AlAs/Aly5GaosAs GROWN ON (110) GaAs SUBSTRATE
FOR MID- AND LONG-WAVELENGTH MULTICOLOR DETECTION

8.1. Introduction

A normal incidence n-doped type-II indirect AlAs/Aly5Gag sAs quantum well infrared pho-
todetector (QWIP) grown on (110) semi-insulating (SI) GaAs substrate with MBE technique has
been developed for mid- and long-wavelength multicolor detection. The normal IR absorption for
the n-doped quantum wells (QWs) was achieved in the X-band confined AlAs quantum wells. Six
absorption peaks including four from X-band to I'-band intersubband resonant transitions were
observed at Aping = 2.2, 2.7, 3.5, 4.8, 6.5 and 12.5 pm. The resonant transport from X-band
to I-band gives rise to high photoconductive gain and large photoresponsivity, which are highly

desirable for multicolor image sensor applications.

Quantum well infrared photodetectors (QWIPs) using type-I structures have been investigated
extensively in recent years [74-82]. In type-I quantum well structure, the direct bandgap material
systems are usually used, hence the shape of constant energy surfaces is spherical. As a result,
only the component of IR radiation with electric field perpendicular to the quantum well layers
will give rise to intersubband transition. Therefore, there is no intersubband absorption for normal
IR incidence in the n-doped quantum wells. In order to achieve strong absorption for normal
IR radiation in the quantum wells, grating couplers [83, 84] are required to induce absorbable
component from the normal IR radiation. On the other hand, the intersubband absorption for
normal IR incidence from indirect bandgap semiconductors such as SiGe/Si was observed [85, 86].
In indirect bandgap materials, conduction electrons occupy indirect valleys with ellipsoidal constant
energy surfaces. The effective-mass anisotropy (mass tensor) of electrons in the ellipsoidal valleys
can provide coupling between the parallel and perpendicular motions of the electrons when the
principal axes of one of the ellipsoids are tilted with respect to the growth direction. As a result of
the coupling, intersubband transitions at normal incidence in an indirect bandgap QWIP structure

are allowed.

Since the AlAs/Aly5GagsAs system is an indirect bandgap material, the conduction band
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minima for the AlAs quantum wells are located at the X-point of the Brillouin zone (BZ). The
constant energy surface will also undergo change from a typical sphere at the zone center for a
direct bandgap material (i.e. GaAs) to off-center ellipsoids of an indirect bandgap material (i.e.
AlAs). For AlAs, there are six ellipsoids along [100] axes with the centers of the ellipsoids located
at about three-fourth of the distance from the BZ center. By choosing a proper growth direction
such as [110], [111], [113], or [115] direction [80, 81], due to the anisotropic band structures and the
tilted growth direction with respect to principal axes of ellipsoidal valley, it is possible to realize
large area normal incidence IR detection in AlAs/AlGaAs QWIPs.

8.2. Theory

The normal incidence type-Il QWIP using an indirect bandgap AlAs/AlGaAs material system
[80, 82] was grown on (110) SI GaAs substrate by using molecular beam epitaxy (MBE) technique.
A 1.0-pm-thick n-doped GaAs buffer layer with Np = 2x10'8 ¢cm™3 was first grown on the [110]
oriented SI GaAs substrate, followed by the growth of 20 periods of AlAs/Alg5Gao 5As quantum
wells with a well width of 30 A and dopant density of 2x10'® cm™3. The barrier layers on either
side of the quantum well consist of an undoped Alp 5Gag sAs (500 A) barrier layer. Finally, a 0.3 pm
thick n*-GaAs cap layer with a dopant density of 2x10'8 cm™2 was grown on top of the quantum
well layers for ohmic contacts. The dopant density of 2x10'® ¢cm™2 in the quantum well is chosen
so that only the ground state is populated, and tradeoff between the low dark current and strong
absorption strength is considered. We use the indirect bandgap AlAs for the quantum well layer
and Alp5GagsAs for the barrier layer. Since Al;Ga;_;As becomes an indirect bandgap material
for z > 0.45, the conduction-band minimum shifts from the I'-band to the X-band. Analyzing band
ordering in the AlAs/Alg5GagsAs MQW is a complicated subject in photonic device engineering
[87]. We have used large enough quantum well and barrier layer thicknesses ( > 10 monolayers)
so that the QWIP under study has a type-II band structure. The conduction band offset of
Al 5Gag sAs relative to AlAs is about 170 meV. Figure 7.1 shows a schematic conduction-band
(T- and X-band) diagram for the type-II indirect AlAs/Aly 5Gag sAs quantum well structure, in
which electrons are confined inside the AlAs QW layer. The intersubband transition energy levels
between the ground bound state (Eq) in the AlAs quantum well and the first excited state (E;) in
the well or the continuum states (E; ... Eg) above the Alp5Gag.sAs barrier layers are also shown in
Fig. 8.1 (a). It is noted that band splitting between the I'-band and the X-band edge is about 50
meV in the AlGaAs layer, and the conduction band offset in the I'-band is found to be 630 meV.

To derive the basic equations for the normal induced intersubband transitions and the corre-
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sponding indirect type-Il QWIPs, we start with the Hamiltonian description of quantum mechanics

for an electron [5]
p?

= 21V + g (TV() ), BN CEY

where m*, p, and o are the effective mass, momentum, and spin operators of an electron, re-

spectively. V(r) is a periodic potential function. The system under consideration comsists of an
assembly of electrons and the infrared radiation field. The Hamiltonian of this system, H, may be
written as the sum of the unperturbed Hamiltonian Hg and the perturbing Hamiltonian H g Which
represents the interaction between the electrons and the incident infrared photon and is given by
[88]

Hiyy =

( " 2) o X vV(r)] (8.2)

where A is the vector potential of the IR radiation field and P is the canonical momentum.

The matrix element of intersubband transition in the quantum well is given by [89, 90]

1/2

My = / PrjHppgride = —e (Wc%_h_&) / e, - Viék (83)
where 9i(ory) is the total wavefunction for a state in i-th (or f-th) intersubband, the parameters
i and f denote the initial and the final states, e, is the unit polarization vector of the incident
photon, w is the light frequency, e is the electronic charge, V' is the volume of the crystal, n, is the
refractive index at the wavelength of incident IR radiation, and &y is the conduction band energy

of the X-valley material in the well.

It can be shown that the intersubband transition rate W may be expressed as [89, 91]

W = %E|M,;|26(E,—E;—hw)

BokX [ 826, &y
w [ak,ak, (ew - X0) + 5555 (e ¥0)

926,

2
BTza—IE: (eu, . ZO)] 6(Ef - E.' - h(d) (8.4)

+

where By is a constant equal to —-;—’-’2-57, X0, Yo, and zg are the directional unit vectors. The result
indicates that the nonzero intersubband transition probability at normal incidence can be obtained

only when either of the crossover terms in the second partial derivatives is nonzero.

For an indirect gap type-II AlAs quantum well layer grown along [110] direction of GaAs
substrate, due to the tilted anisotropic energy band with minimum point away from BZ center (see

2
Fig. 8.1(b)), the second partial derivatives 5%% (i = x, y) can be different from zero. Therefore,

85




it is possible to excite long wavelength intersubband transitions in the quantum well under normal
incidence IR radiation. However, for a direct type-I system (i.e. GaAs) due to the isotropic spherical
energy surface and the axis symmetric parabolic band E = E, + h2(k2 + kZ)/2m*, it always has

2
-:k—j,% = 0, (where i # 2z). The corresponding transition rate for direct type-I quantum well becomes

_ Bokf 0%& 2 ‘
W= T [akzakz (ew -Zo)] 6(Ef -E; - hw) (85)

The above equation reveals that, due to e, L Zo, the optical transitions would become zero for

type-I structures under normal incidence radiation.

8.3. Coupling between I'- and X-bands

To a,na.lyzé the intersubband transition mechanism and energy level positions in a type-II
AlAs/AlGaAs QWIP, theoretical calculations of the energy states Ey, (n = 0,1,2...) for the X-band
and I-band and the transmission coefficient |T- T'| for the QWIP were performed by using a multi-
layer transfer matrix method [13]. To determine the intersubband transition levels, we use the
one-band effective mass envelope function approximation (see Appendix A) and take into account
the effects of band nonparabolicity and electron-electron interaction. In comparison with the more
sophisticated energy band models such as two-band and three-band models, the one-band effective
mass envelope function approach will give the first order approximation, thus yielding a reasonable
prediction for the QWIP performance. The simulated results are summarized in Table 8.1. Each
energy level listed in the Table 8.1 is referred to the center of its bandwidth. It is noted that Eo
(ground state) and E; (first excited state) are bound states which are confined in the AlAs X-band
well, while E; to Eg are all continuum states in X-band. The continuum states in the X-band can

find their resonant pair levels in the I-band except E; which is located below the I'-band minima

(about 30 meV).

In a type-II indirect AlAs/AlGaAs QWIP, free carriers are confined in the AlAs quantum well
formed in the X-conduction band minimum, which has a larger electron effective mass than that
in the I-band valley. When normal incidence radiation impinges on this QWIP, electrons in the
ground-state of the X-well are excited to either the excited state E; or one of the continuum states
E, to Eg. If the continuum state in the X-band valley is resonantly aligned with a state in the
I-band valley, the photon-generated electrons in the X-band will undergo resonant transport to
the resonant state in the I'-band provided that the I-band barrier layer (in the present case, AlAs
layer) is so thin that it is transparent to the conduction electrons [93, 94]. This resonant transport

from X-band to I-band is expected to be a coherent resonance which can greatly enhance the
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transmission if the electron lifetime 7} in these continuum states is much shorter than the X-band
to I'-band scattering time constant 7s. The 'r}: can be estimated from the uncertajl_lty principle,
TII: = KETF%V}}}' ~ 10 fs (where AEpwnmM is the spectral full width at half maximum), while 7g ~
1 ps [18], hence ‘rIr; & 1s. The peak transmission at resonance is expected to be increased by the
ratio of rg/ r{ ~ 100. In addition, due to the effective mass difference between the X-band and the
T-band, electron velocity and mobility in the I-valley will be much higher than the value in the
X-band valley. Since the photocurrent is proportional to the electron velocity and mobility (i.e.,
In = AgevgGrr, where A is the effective area of the detector, vg is the drift velocity, G is the
photogeneration rate, 1/7g is the recombination rate of electrons in the I'-band), a large increase in
the photocurrent is expected when photon-generated electron resonant transport from the X-band
to I-band takes place under certain bias conditions as illustrated in Fig. 8.2. It is known that
photoconductive gain g = 71 /71, where 77 is transit time (=TIF" [ superlattice thickness, p electron

mobility, and F electric field). In the coherent resonance and certain bias condition, the gain g will

be significantly enlarged as well.
8.4. Experiments

A BOMEM interferometer was used to measure the infrared absorbance of the AlAs/AlGaAs
QWIP sample. In order to eliminate substrate absorption, we performed absorbance measurements
with and without the quantum well layers. The absorbance data were taken using normal incidence
at 77 K and room temperature. The absorption coefficients deduced from the absorbance data are

shown in Fig. 8.3. Two broad absorption peaks at wavelengths A, = 6.8 um and 14 um were

~ detected, while four additional narrow absorption peaks at A, = 2.3 pm , 2.7 pym, 3.5 pm, and

4.8 um at NIR were also observed. The measured absorption peak wavelengths are in excellent
agreement with the theoretical prediction. All the absorption coefficients measured at 77 K were
found to be about a factor of 1.2 higher than the room temperature values. From our theoretical
analysis, the 14 ym peak with an absorption coefficient of about 2000 cm™ is attributed to the
transition between the ground state Eg and the first excited state E; in quantum well, while the 6.8
pm peak with absorption coefficient of about 1600 cm™! is due to transition between the ground
state Eg and the continuum state E;. The absorption peaks at 2.3 ym, 2.7 pm, 3.5 ym, and 4.8
um are attributed to the transitions between the ground state Eg and other high order continuum -
states listed in Table 8.1. It is interesting to note that the high order intersubband transitions
have relatively larger absorption coefficient of about 4000 cm™t, which is quit different from the
intersubband transition in type-I QWIPs. However, the absorption at 6.8 pgm, which is also due

to the transition between bound state and continuum state, has a small absorption coefficient
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compared to the other high order continuum transitions. This indicates that the 6.8 pm absorption

peak has a different absorption and conduction mechanism, which we shall discuss it later.

To facilitate the normal incidence IR illumination, an array of 210 x 210 ym? mesas were chem-
ically etched down to n*-GaAs buffer contact layer on the GaAs substrate. Finally, AuGe/ Ni/Au
ohmic contacts were formed on the QWIP structures, leaving a central sensing area of 190 x 190
pm? for normal incidence illumination on top contact of the QWIP. Device characterization was
performed in a liquid-helium cryogenic dewar. A HP4145 semiconductor parameter analyzer was
used to measure the dark current versus bias voltage. Figure 8.4 shows the measured dark current
as a function of the bias voltage for temperatures between 68 and 98 K. Substantial reduction of
device dark current was achieved in the present type-II structure. The photocurrent was measured
using a CVI Laser Digikrom 240 monochromator and an ORIEL ceramic element infrared source.
A pyroelectric detector was used to calibrate the radiation intensity from the source. The measured
data for the QWIP are tabulated in Table 8.2, which showed six absorption peaks. The peaks for
Ap1,2 only exhibited the photoconductive (PC) detection mode, while the peaks for A,3.¢ operated
in both the PC mode and photovoltaic (PV) mode.

Figure 8.5 shows the QWIP’s photoresponse and absorption coefficient for wavelengths from 9
to 18 um. The peak photoresponse was observed at Ap; =12.5 pm with a cutoff wavelength at 14.5
pm and a peak responsivity of R4 = 24 mA/W at T = 77 K and V; = - 2 V. A broader spectral
bandwidth of AA\/A,; = 30% was obtained for this QWIP, which is larger than the type-I QWIP
[71]. The property of a broader spectral bandwidth within X-band intersubband transition was
also found in [113] GaAs substrate growth direction [81, 92]. Detectivity for this peak wavelength
Ap1 = 12.5 pm was found to be about 1.1 x10° cm-v/Hz/W under the above specified condition. A
relative small absorption peak at A, = 6.5 um was detected, which is attributed to the transition
between the ground state Eg and the first continuum state E;. The peak responsivity for Ay2 was
found to be about R4 = 5 mA/W at T = 77 K and V; = - 2 V, which was not shown in the figure.
About 8 ~ 11 meV blueshifts were found at these two peak wavelengths.

Figure 8.6 shows the normalized photovoltaic (PV) spectral response bands at the peak wave-
lengths of Aps = 3.5 um and Mg = 2.2 um. The two spectral response bands cover wavelengths
from 2.2 um to 6.5 um for peak wavelength at A,y = 3.5 pm and from 2.0 ym to 3.25 ym for peak
wavelength at Ay¢ = 2.2 pm. The spectral band for A,s has an additional peak at Aps ~ 2.7 pm,
while the spectral band for A4 also has a large tail which results from another peak contribution at

about A3 ~ 4.8 um. The positions for all four peak wavelengths Ap3_¢ are in excellent agreement
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with the values deduced from the FTIR measurements and theoretical calculations. The main peak
responses occurred at Apg = 3.5 pm and Mg = 2.2 um with responsivities of R4 = 29 mA /W and
32 mA/W, respectively, at V, = 0 V and T = 77 K. The responsivities of two main peaks have a
different voltage dependence. The peak for A4 increases rapidly for V; > - 0.5 V, and it reaches a
saturation responsivity value of 18.3 A/W at ¥, > - 3 V as shown in Fig. 8.7. On the other hand,
the responsivity for Aye remains nearly constant for ¥ < - 2 V, and then exponentially increases to
R =110 A/W at V ~ - 6 V, as shown in Fig. 8.8. Extremely large photoconductivity gains of 630
and 3,200 for \,4 and Apg (as compared to the value at V; = 0 V) were obtained at V; =- 3 V and
- 6 V, respectively. The larger responses at A,4 and Apg wavelengths are due to a better alignment
of these resonant levels, while the relatively lower responses for the A,3 and Aps wavelengths are
ascribed to a slightly misalignment in the resonant levels, which results from the I'-X coupling
strength difference [95]. However, no photoconductivity gain is expected to be observed at Ap; and
Ap2 peak wavelengths due to the absence of the resonant transition from the X-band to the I'-band

in the electronic conduction.

The PV mode operation at peak wavelengths of )p3~g in the type-II AlAs/AlGaAs QWIP
is resulted from the macroscopic polarization field (i.e. Hartree potential) caused by the energy
band bending effect and spatial separation of electrons and holes [44, 71, 96, 97]. However, the PV
operation was not observed in the wavelengths of A,;_5. This is probably due to the novel resonant

transport feature which enhances the photogenerated electron conduction.
8.5. Conclusions

In conclusion, we have demonstrated a normal incidence type-II QWIP using an indirect X-
band AlAs/AlgsGagsAs system grown on (110) GaAs substrate with multicolor responses for 2 ~
18 um wavelength detection. The desirable normal incidence radiation is allowed due to the tilted
and anisotropic energy band structure of AlAs/ AlGaAs grown on (110) GaAs substrate. The
detector was found to have six peak wavelength responses at Ay =12.5, 6.5, 4.8, 3.5, 2.7 and 2.2
pm. The spectral responses for wavelengths at Ajzue = 4.8, 3.5, 2.7, and 2.2 um are ascribed to
the novel resonant interaction between the X-band and I'-band that yields a large photoconductive
gain in electron conduction. The spectral response at wavelength of 12.5 pm has a broader band-
width (AX/Ap1 = 30 %), covering wavelength ranging from 9 to 18 ym. The capabilities of normal
incidence, large spectral sensing range, ultra high photoconductive gain, multicolor detection, and
ultra low noise characteristics make the type-II AlAs/AlGaAs QWIPs highly desirable for many

infrared applications. Further studies of the interaction effects between the X- and I'-bands, transi-
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tion coupling, bandgap engineering, and hot electron transport mechanisms in the type II indirect

III-V multiple quantum well structures may lead to the development of novel quantum well infrared

detectors, lasers, and modulators.

90




Table 8.1. The simulated intersubband transition energy levels in the
X-band and I'-band for the type-II AlAs/AlGaAs QWIP.

Eoc Eyz E; Es E4 Es Es
X-band 20 110 189 270 365 475 600
T-band 265 370 460 595

Notes:The energy levels, E3, E4, Es5, and Eg in the I'-
band and X-band formed the resonant levels for
the photoexcited electrons in this QWIP. The
parameters used in calculation of X-band and
I-band, respectively, are m* = 0.78 mg, 0.15 mg
for AlAs and 0.82 mg, 0.11 mg for Alg 5Gag sAs.
(A1l the energy levels shown are measured from
the AlAs quantum well X-conduction band edge
in unit of meV.)
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Table 8.2. The measured peak wavelengths, responsivities, and detec-
tivities for the type-II AlAs/AlGaAs QWIP at T = 77 K.

Apl '\p2 ’\p3 Apa ’\p5 ’\ps
Peak (ym) 1256 65 48 35 2.7 2.2
Ra (A/W) (PV) 0.029 0.032
R4 (A/W) (PC) 0.024 0.005 18.3 110
2V 2V 3V 6V
D% (cmv/Hz/W) 1.1x10° 3.0x10% 1.1x1012
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Figure 8.1. (a) The conduction band diagram for the type-II
AlAs/Aly 5GagsAs QWIP. The solid line is for the X-band
and the dashed line denotes the I'-band. (b) The six ellip-
soids of X-band minima along the (100) axes with center of
the ellipsoids located at about three-fourth of the distance
from BZ center for AlAs. The preferred [110] growth direc-
tion is indicated by the arrow.
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Figure 8.1. Continued.
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Figure 8.2. Schematic diagram of the conduction band minima for L-,
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the dot-dashed arrow.
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Figure 8.3. Absofption coefficients versus wavelength measured by
BOMEN interferometer at normal incidence for the
AlAs/AlGaAs QWIP at T = 77 K and room temperature.
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Figure 8.4. Dark currents versus negative bias voltage for the

AlAs/AlGaAs QWIP measured at T = 68, 77, 98 K, re-
spectively.
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Figure 8.6. Normalized spectral responsivities versus wavelength for A4
= 3.5 um and Apg = 2.2 pm transitions for the AlAs/AlGaAs
QWIP measured at Vy =0V and T = 77 K.
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Figure 8.7. Responsivity versus negative bias voltage at the peak wave-
length Apy = 3.5 pm and T = 77 K for the AlAs/AlGaAs
QWIP.
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QWIP.
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9. A TWO-COLOR GaAs/AlAs/AlGaAs AND GaAs/AlGaAs STACKED QWIP FOR 3-5 AND
8-14 ym DETECTION

9.1 Introduction

A new two-color GaAs/AlAs/AlGaAs and GaAs/AlGaAs quantum well infrared photodetector
(QWIP) with photovoltaic (PV) and photoconductive (PC) dual-mode operation at 3-5 and 8-14
pm has been demonstrated. It consists of a stack of the mid-wavelength infrared (MWIR) QWIP
and the long-wavelength infrared (LWIR) QWIP. The PV detection scheme uses transition from
the ground-state to the first excited state for the MWIR-QWI. The PC detection scheme has two
different transitions, one is identical to the PV mode detection scheme and the other uses transition
from the ground state to the miniband state of the LWIR QWIP. The peak responsivity at zero
bias (PV mode) was found to be 17 mA/W at A\, = 4.1 pm and T = 50 K with a bandwidth
AMX/Ap = 1.5 %. The peak responsivities for the PC mode were found to be 25 mA/W at A, = 4.1
pm, V, =10V, and 0.12 A/W at A, = 11.6 pum, V;, = 3.2V, and at T = 50 K, with a bandwidth
AX/A; =18 %. The PV responsivity was found to be 68 % of the PC responsivity at A, = 4.1 um
and T = 50 K, demonstrating the ability for efficient PV mode operation at 3-5 pm by using the
double barrier quantum well (DBQW) structure. This is the highest ratio reported for the spectral
region of 3-5 ,um.wa.velength with a DBQW structure.

9.2 Stacked Structure

The QWIP layer structure was grown on a semi-insulating (SI) GaAs substrate by using the
molecular beam epitaxy (MBE) technique. The quantum wells consist of two stacks designed
as a mid-wavelength QWIP (MW-QWIP) and a long-wavelength QWIP (LW-QWIP). Figure 9.1
shows the entire layer structure of this two-stack QWIP. A 0.7-um GaAs buffer layer (doped to
n = 2.0 x 10'® cm™2) was first grown on the SI GaAs substrate as an ohmic contact layer, followed
by the growth of the first stack, designed as a MW-QWIP with a 20-period of GaAs/AlAs/AlGaAs
double barrier quantum wells with a well width of 50 A(doped to n = 1.5 x 10'® cm~3) and two
undoped barriers which were of 14 A AlAs inner barrier and 300 A Aly3Gag7As outer barrier. A
second GaAs buffer layer of 0.5-um thick (doped to n = 2.0 x 10'® cm™2) was then grown on top
of the first QWIP as an ohmic contact layer, followed by the growth of the second stack, designed
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as a LW-QWIP, with a 21-period of GaAs/AlGaAs quantum wells with a well width of 88 A and
a dopant density of 1.5x10'® cm~3. The barrier layer on each side of the GaAs quantum wells
consists of a 8-period undoped Alp3Gag7As (50 A)/ GaAs (28 A) superlattice layer which were
grown alternatively with the GaAs quantum wells. Finally, an nt- GaAs cap layer of 0.3 pm thick
with a dopant density of 2x10'® cm~3 was grown on top of the QWIP layer structure to facilitate
the top ohmic contact. The DBQW structure of the MW-QWIP offers a PV mode detection with
excellent detection characteristics which are comparable to the PC mode QWIPs. The physical
parameters of the LW-QWIP are chosen so that the first excited level Ej is lined up within the
miniband Esz, on both sides of the quantum well to obtain a maximum intersubband absorption
strength. In order to minimize the undesirable tunneling current through the barrier layers, a
8-period undoped Al 3Gag.7As (50 A) /GaAs (28 A) superlattice layer was used in this LW-QWIP
structure to suppress the tunneling current from the heavily populated ground state E; in the

quantum wells.

9.3 Results and Discussion

The 2-color QWIP mesa structure with an active area of 200x200 pum? was created by chemical
etching through the two-stack quantum well active layers and stopped at the 0.7—pfn thick heavily
doped GaAs buffer layer for ohmic contact. A square contact ring composed of AuGe/ Ni/Au
materials was first deposited around the periphery of the mesa and alloyed for ohmic contact
formation. To enhance the light coupling efficiency in the quantum well, we used a 2-D double
periodic square mesh metal grating coupler on the QWIP for normal incident illumination. As
discussed in the previous quarterly report, we found that g = 4 ym(where g is the grating period)
and a/g = 0.5 (where a is the width of square aperture in the metal mesh) are the optimum grating
dimension and period for this 2-color QWIP. The metal grating was then deposited within the

interior of the contact ring by using electron beam evaporation of Au followed by lift-off process.

Figure 9.2 shows the energy band diagram of this 2-color QWIP structure, which also illustrates
the bound-to-miniband (BTM) and bound-to-quasi-bound (BQB) transition schemes for the two-
color detection. The first transition scheme is from the localized ground-state F; to the first
quasi-bound state E; in the GaAs quantum well of the MW-QWIP stack. The second transition
scheme is from the localized ground-state E; to the miniband Egz in the GaAs quantum well of
the LW-QWIP stack. To analyze these transition schemes, we performed theoretical calculations of
the energy levels of the bound states and continuum states and the transmission probability |T*T|

for this detector using a multi-layer transfer matrix method, and the results are shown in Fig. 9.3.

103




For comparison, we have also included in Fig. 9.3 the transmission probability for a single quantum
well with the same barrier width of the bulk barrier. Considering the effects due to depolarization

and the electron-electron interaction, we obtain two response peaks, one at A = 3.9 ym and the

other at A = 11.7 ym.

To understand the behavior of this 2-color QWIP, we first prepared two samples with BTB
and BTM quantum structures mentioned above separately. The MW-QWIP (BTB) and LW-QWIP
(BTM) represent the first stack and the second stack of this 2-color QWIP structure, respectively.
Fig. 9.4 shows the dark current versus bias voltage (I-V') curves of the MW-QWIP and the LW-

QWIP measured at T = 30, 50, and 77 K. The results show that the dark current of the LW-QWIP

is higher than that of the MW-QWIP at the same bias. This is due to the fact that the LW-QWIP
has a shallower quantum well and the thermal-generated electrons can escape more easily from the
quantum wells. Therefore, based on the I-V curves shown in Fig. 9.4, we can see that when the two
stacks are combined to form a 2-color detector, most of the voltage drop is across the MW-QWIP
stack at low bias (< 1.5 V). Therefore, a high field domain always forms first in the MW-QWIP
stack. The voltage drop across the LIW-QWIP stack becomes significant only when the bias is
greater than 1.5 V.

Figure 9.5 shows the dark current-voltage (I-V') for the 2-color stacked QWIP measured at T
= 30, 50, and 77 K. It is noted that the 300 K background photocurrent curve (dashed) crosses the
dark I-V curve at V3 = —0.65 V and T = 50 K. Thus, the background limited performance (BLIP)
condition occurs at 7' < 50K and V; < 0.6V. The 300 K background photocurrent can be obtained

from

A2
Is=A / R(A)S(A)dA (9.1)
A1
where A is the device area, R()) is the responsivity curve, A; and A, are the limits of the integration,
and the blackbody power spectral density is given by

S(A) = (2rhe/A5)(ehe/ AT — 1)1 (9.2)

Using A = 4 x 107* cm?, R, = 0.018 A/W (at A = 4.1 pm, V; = 0 V, and T = 30 K), and
T = 300 K gives a total calculated 300 K background photocurrent of Ig = 0.12 nA. This is in
good agreement with the measured photocurrent of Iz = 0.3 nA (as shown in Fig. 9.5). Therefore,
at T = 50 K this 2-color detector is under BLIP condition only in the PV mode operation, but not

the PC mode operation.

Figure 9.6 shows the bias dependent responsivity and detectivity for the single LW-QWIP
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measured at A, = 11.6 pm and T = 50 K. The peak responsivity R4 = 0.14 A/W was obtained
at V3 = 1.5 V. From the measured responsivity and dark current, we calculate the detectivity D*
using the formula: D% = R4(AAf)"/?/i,, where A is the effective area of the detector, Af is the
noise bandwidth. The dark current shot noise iy, is given by i, = v/4gIygAf, where g is the optical
gain, and may be evaluated from the measured responsivity R4 = 7Ag/1.24 and the unpolarized
quantum efficiency which was found to be equal to 18 %. Optical gain can also be derived from
the noise measurement. The results yielded a peak detectivity D} = 1.23 x 10° cm VHz/W at
Ap = 11.6 pm, ¥, = 3.0 V, and T = 50 K for the PC mode operation.

The spectral response of the 2-color QWIP was measured under back illumination as a func-
tion of temperature and bias voltage (V;) using a 0.25 m grating monochromator with a 1273 K
blackbody source. The normalized spectral responsivity measured at V3 = 0,3.2 Vand T =50 K
is shown in Fig. 9.7. Two response peaks were observed: one at A = 4.1 pm with ¥, = 0 V and
the other at A = 11.6 um with V; = 3.2 V. The peak wavelengths are in good agreement with our
theoretical calculations. The bias dependence of the responsivity at T = 50 K is shown in Fig. 9.8.
It is noted that the photoresponse of the MW-QWIP stack is dominated at low bias and saturated
above V; = 1 V, When V; > 1.5 V, the LW-QWIP stack starts to work and reaches a maximum
value at V; = 3.2 V. The results show the potential of this 2-stack QWIP structure as a 2-color
QWIP with a PV and PC dual-mode operation at 3-5 ym and 8-14 ym. The peak responsivity at
zero bias (PV mode) was found to be 17 mA/W at A = 4.1 ym and T = 50 K, with a bandwidth
AX/), = 1.5 %. Two peak responsivities were found on the PC mode, one was 25 mA/W at
Ap =41 pm, V; =1.0V,and T = 50 K, the other was 0.12 A/W at A\, = 11.6 pm, V; = 3.2V,
T = 50 K, and the bandwidth AX/), = 18 %. The PV responsivity was found to be 68 % of the
PC responsivity at A, = 4.1 pm and T = 50 K. This is one of the highest ratios reported in the
spectral region of 3-5 um for the QWIPs. The PV response has been interpreted due to the doping
migration effect with further enhancement by the DBQW structure. Since the dark current of the
PV mode operation QWIP is much smaller than that of the PC mode, one can achieve a better
performance in QWIP by using PV mode detection at 3-5 pm.

9.4 Conclusions

In conclusion, we have demonstrated a new two-color stacked GaAs/AlAs/AlGaAs BTB and
GaAs/AlGaAs BTM QWIP with PV and PC dual-mode operation at 3-5 and 8-14 ym. The PV
detection scheme uses transition from the ground-state to the first excited state of the MW-QWIP.

The PC detection scheme has two different transitions, one is similar to the PV detection scheme
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and the other uses transition from the ground state to the miniband of the LW-QWIP. The peak
responsivity at zero bias (PV mode) was found to be 17 mA/W at A, = 4.1 um, T = 50 K, with a
bandwidth AA/), = 1.5 %. Two peak responsivities for the PC mode detection, were found to be
25 mA/W at A, = 4.1 pm, V3 =1V, and T = 50 K, and 0.12 A/W at A, = 11.6 ym, V, = 3.2V,
T = 50 K, and the bandwidth AX/), = 18 %. The PV responsivity was found to be 68 % of the
PC responsivity at A, = 4.1 pm and T = 50 K, demonstrating the ability for an efficient PV mode
operation at 3-5 ym. The results reported here represent only a preliminary design of the 2-color
detector. Further improvement on the performance of the 2-color stack QWIP is expected to raise

the operating temperature to T = 77 K for practical focal plane arrays image sensor applications.
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Figure 9.1. The quantum well layer structure for the 2-color MWIR QWIP
and LWIR QWIP.
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Figure 9.2. The schematic energy band diagram for the 2-color QWIP struc-
ture, (a) MWIR QWIP stack and (b) LWIR QWIP stack.
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Metal Grating Couplers

115




10. DESIGN OF 2-D REFLECTION SQUARE METAL GRATING COUPLER

10.1. Introduction

Metal grating operation in the diffraction region (i.e., ¢ > A ) has drawn considerable interest
in recent years since it can greatly improve the intersubband absorption in a quantum well infrared
photodetectors (QWIPs) [47, 98, 99, 100]. A wide variety of QWIPs using intersubband transitions
in the doped quantum wells have been demonstrated for operation in the atmospheric window of 8
to 12 pm at 77 K [11, 63, 101].

One of the major problems encountered in the QWIPs is that the electric field of the incident
light must have a component perpendicular to the quantum well (QW) layer planes to satisfy
the selection rules of quantum mechanics infrared absorption [9, 102, 36]. Therefore, the angle of
incidence with respect to QW layers must be non-zero and the incident radiation normal to the
top or bottom faces of the QWIP will produce no photo-response. One way to couple light into
the QWIPs is by back illumination through a 45° polished facet [10]. However, this scheme only
allows incident light access to one edge of the detector, providing only a one-dimensional (1-D)
array. For imaging applications in focal plane arrays (FPAs), it is necessary to be able to couple
infrared light uniformly into the 2-D arrays of such detectors. An alternative way of light coupling
is to construct a 1-D lamellar grating to scatter light into an non-zero angle either by etching the
QWIPs to deflect light [47] or by coating the device with metal on one side [{100] to reflect light.
However, these approaches are polarization sensitive and only couple the transverse magnetic (TM)
polarization components of the incident waves. A double periodic metal grating coupler formed on
one face of the QWIP can be employed to efficiently couple the normal incident radiation into the
quantum well. Such gratings are independent of the polarization direction of the incident waves,

and hence are suitable for FPA applications.

Incident radiation scattered by the grating consists of transverse electric (TE) polarization with
the electric field parallel to the QW planes and TM polarization with the electric field perpendicular
to the planes. Only TM polarization leads to quantum well absorption. Within the absorption
region of a QWIP, the absorption coefficient depends slightly on the wavelength of the incident
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light but is determined mainly by the angle between the electric field vector of light and the motion
vector of free carriers (i.e., in the direction orthogonal to the QW layer planes). The relationship is
the cosine of the angle enclosed by the two vectors [101]. For this reason, once the magnitude and
direction of the reflected light are obtained one can easily determine the power absorption ratio of

the detector. Therefore, a high quantum efficiency value (%) can be obtained by a proper selection

of the grating constant.

The following analysis is based on a double periodic feﬂection grating with a square shape
metal contact formed on the top surface of a QWIP device. The method of moment is employed in
the analysis. The square metal grating is used to scatter the infrared radiation into the quantum
well. The main advantage of this grating structure is that the coupling of radiation is independent
of the polarization direction of the incident waves. Using two universal plots from the normalized
parameters, the refracted power and angle versus wavelength can be determined readily. Let us
consider a normal incident electromagnetic (EM) wave impinging on the substrate side of the
detector. For simplicity, we assume that the amplitude of the power for the incident wave equals
unity. The power of the higher order diffracted waves depend only on the 'normalized wavelength’ s
(where s = A/g, g is the grating period and A is the wavelength). The angle between the diffracted
waves and the grating normal also depends on s. Therefore, in the design of such a grating structure
the number of parameters can be reduced. The purpose of this task is to develop universal plots
relating the coupling efficiency to the normalized wavelength for a 2-D square metal grating. From
these plots, the higher order refracted magnitudes and refracted angles can be determined for any
square grating sizes. These universal plots ( refracted power versus normalized wavelength ) provide

a design tool for the 2-D refraction grating coupler on a QWIP device.

10.2. Theoretical Consideration

The reflected EM waves in the reflection grating are modeled by using a modal ezpansion
technique [100, 105]. The grating consists of arrays of perfectly conducting plates with infinitesimal
thickness compared to wavelength. The square conducting plate arrays are arranged periodically
along two orthogonal coordinates & and # as shown in Fig. 10.1. In the figure we employed spherical
coordinates, where @ is the angle between the propagation vector k and the normal t6 the plane
of the grating, and ¢ is the angle between the z axis and the projection of E on the z-y plane.
The distribution of electromagnetic field near the array is in the form of Floquet mode functions

according to wave theory in periodic structure. Furthermore, for normal incidence the solution to
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the scalar time independent wave equation is given by
tpg = e—TupT | g=ivey | gmitpq? ' (10.1)

where the wave vectors u,, vy, and w,, are given respectively by

2rp

U = -—-g—:k-sinO-cosd) (10.2)
v, = 22(1 k-sinfsin ¢ (10.3)

JE -1,  fork? > 12
Wpe = 2 g2 2 ¢ 42
—Jy\fti, —k? fork* <ty
where p,q=0,%1,+2,...,+00
and

2 _ .2 2
tpq-up+vq

The orthonormal mode functions for the TE and TM modes with respect to Z can be expressed as

SZ;E 1 ('vq -z ——y) Ppg for TE modes
9 \1Ipg tpq

$IM = H (-Q—L-’l“ Je “) Vg for TM modes (10.4)
9 \%pq lpg

The wave impedances in the 2 direction are

k
TE
Ty = ——Z0
Pq Wpq
w.
Mo = 2o (10.5)

where Zg = ‘/;ﬁ% is the characteristic impedance. A plane wave with unit electric field intensity

normal incidence in the ¢ plane can be expressed as the sum of TE and TM plane waves, that is

2
Ef =) Aoor $oor (10.6)

r=1
where Agg, is the magnitude of the incident field component which depends on the polarization
direction. The third subscript r=1 or r=2 is used to designate respectively the TE and TM Floquet
modes. Similarly, the scattered field can also be expressed in terms of the Floquet modes and

reflection coefficients R4 as follows:

T3 R (10.)

g r=1
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The boundary condition is that the electric field in the conducting plate equals zero:

E+E =0 over the plate (at z=0) ' (10.8)

It has been shown that the current modes \i;,,ml other than the Floquet modes <qur were used to
expand the induced current —2 x H? in the conducting plate in order to provide a faster convergence,
which are the dual field functions of the transverse electric field function of the conducting plate

aperture. Finally, an equation in the following matrix expression can be obtained
[ZKH\;L] [anl] = [Dm.'nl] (109)

where the unknown B,,,; are the coefficients given in the current expression with

A"/}%L = Z Z Z npqrc;l:‘ng L*Cg;:’

g r=1

Coml = » & Vpnnda (10.10)
ate

and the reflection coefficients can be expressed by

Rpgr = —~Tpgr ZZZBM: Pa (10.11)

m n [=1

Due to the dependence of B,y x 1/A and C;,’;’," o A for a given g, the reflection coefficients R,
are a function of A/g. The angle between the electric field of the refracted mode Ryq, (qur and the 2

direction is Ypqr, which depends on the higher order refracted waves and the normalized wavelength

s = A/g given by the following equation

A
€8 Ypgr = 7 * VPi+ ¢ (10.12)

10.3. Results and Discussion

As mentioned above, neither the evanescent modes nor the TE modes would have any effect on
the intersubband absorption [47] in the quantum wells. Therefore, the following discussion focuses
only on the propagating TM modes. It is convenient to introduce two parameters to illustrate the
plots, these are the normalized wavelength s = A/g, and the strip factor h = a/g. The numerical
results obtained from the computer simulation consist of the lowest twenty current modes. The
number of modes selected here is sufficient to be accurate to +0.1. For larger strip factor (a/g > 0.85

), a much larger number of current modes is required to expand the induced current. Large strip
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factor is also disadvantageous for the real QWIP device since it is more difficult to process. The
incident wave is a plane wave that has an angle of zero degree with respect to the array normal. In
order to interact with the doped quantum well, the effective coupling of the reflected waves is due
to the TM Floquet modes. For grating period g less than wavelength ), the grating is operated
in a non-refraction region, with only one far field propagating mode Rop1 $01. It is impossible to
excite the TM component of the zeroth order mode. This is due to the structure symmetry of
z and y coordinates in normal incidence. The approach here to create an effective coupling 2-D
metal grating plates is to induce the higher order TM refracted waves into the quantum wells.
Figure 10.2 shows a universal plot, which illustrates the total power of the first order refracted
waves Rgu‘i;on, Ro_12 60_12, R_102%_102 and ng(fmz as a function of the normalized wavelength
s, for s = A\/g < 1. For a square shape metal grating, the total power of the first order TM refracted
waves depends strongly on s but is independent of the polarization direction of the incident waves.
The absorption coefficient depends roughly on the angle between the electric field vector and the
normal of quantum well layers [101]. For a given quantum well structure, the total power absorbed
by the detector can be readily determined. Figure 10.2(a) shows that the total power of the first
order refracted waves will increase with increasing values of h. Figure 10.3 shows the total power

of the second order TM refracted wave components

Ri112£i112 and Rlilgililg as a function of the normalized wavelength s for different values
of h. A comparison of Figs. 10.2(a) and 10.3 reveals that the first order refracted power is much
larger than the second order refracted power, particularly for larger values of h. The second order
refracted modes emerge for s < 712- with total power about one fifth that of the first order refracted

modes.

Figure 10.4 shows a plot that relates cos,q, to the normalized wavelength of the higher order
refracted waves, where v is the angle between the electric field vector and the grating normal. The
relationship between v and A for the first order refracted waves (i.e. | p| + | ¢ |= 1 in the notation

of Floquet modes t'qu,) is given by

A
COS Vpg2 = 7 (10.13)
The relationship for the second order refracted waves with | p |=| ¢ |= 1 is given by
A
COS Ypg2 = 7 V2 (10.14)

Due to the dependence of the absorption coefficient on cos?v,,, we propose that the metal

grating period be selected in the region where s falls between 0.7 and 1 when utilizes the first order

120




refracted waves. Referring to Fig. 10.2., it is noted that for A = 0.8, the absorption is relatively flat
over a broad wavelength regime. Thus, h = 0.8 may be considered as a good selection for coupling
IR light (8 - 12 pm) into the quantum well. For example, for a GaAs QWIP with peak response
at 10 um, by choosing s = A/g = 0.8 and h = 0.8, we obtain a relatively flat eﬁ'ectivé coupling
covering the wavelength from 7 to 13 ym. Since the refraction index n for the GaAs contact layer
is 3.25 at 77 K, the grating period was found to be ¢ = 4.0 pm and the width of the metal plate

was found to be a = 3.2 ym.

In conclusion, we have performed the numerical analysis of a normal incident 2-D square metal
grating coupler for the QWIP device. It is shown that the total power and the angle of the higher
order refracted waves depend on two normalized parameters: s = A/g and h = a/g. Using the
universal plots shown in this section ,the optimized grating period and square metal grating width

can be obtained for a specified bandwidth IR detection applications.
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Figure 10.1. Schematic diagram showing the square reflection metal grat-
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11. DESIGN OF 2-D SQUARE MESH METAL GRATING COUPLER

11.1. Introduction

Recently, there has been a considerable interest in the long wavelength intersubband quantum
well infrared photodetectors (QWIPs) for operating in the 8um to 12 ym atmospheric window
region at 77K. Most of the QWIPs reported in the literature are fabricated using a larger bandgap
III-V semiconductor material system such as GaAs/AlGaAs instead of the more difficult narrow
bandgap material such as HgCdTe. The GaAs QWIP offers a very promising approach for the low
background, long wavelength infrared detection due to the matured GaAs growth and processing
technology. Thus, low cost and extremely uniform large area focal plane arrays (FPAs) can be
fabricated using GaAs QWIPs for staring IR image sensor applications. However, the intersub-
band transition QWIPs using GaAs/AlGaAs material system do not absorb normal incident IR
radiation on the surface of QWIP, since the electric field vector of incident light must be polarized
perpendicular to the quantum well in order to induce intersubband transitions [36, 102]. As a
result, the angle of incidence with respect to the QW layers must be different from zero in order
to induce intersubband absorption in the quantum well. However, for FPAs applications, a re-
sponse in normal incident light is required. This may be solved by incorporating a lamellar grating
[47, 98, 104], which has a low coupling efficiency due to its polarization sensitivity. A double peri-
odic metal grating formed on the top of a QWIP can be employed to deflect the normal incident
light into an absorbable angle independent of light polarization. There are two approaches to form
a double periodic grating on the QWIP: one approach is to deposit a metal grating directly onto
the detectors, and the other appraoch is to etch the top surface layer of the QWIP followed by
metal deposition. The former has the advantages over the latter in that it uses a simple and planar
metal grating structure which can avoid the unwanted nonuniform etching on the detector surface
and hence reduces the processing difficulties. In this section we report a numerical analysis of a
2-D transmission square mesh and reflection square cross metal grating formed directly on the top

cap layer of the GaAs BTM QWIP.

Let us consider the electromagnetic (EM) waves impinging on a QWIP under normal incidence

illumination. The radiation scattered by the metal grating consists of the transverse electric (TE)
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polarization with the electric field parallel to the QW planes and the TM polarization with one
component of the electric field perpendicular to the planes. Only TM components of the incident IR
radiation leads to intersubband absorption in the quantum well. In the transmission square mesh
metal grating structure shown in Fig. 11.1, for a unit amplitude normal incident light, the total
power of each order refracted mode depends on the ‘normalized wavelength’ s = A/g (where g is the
grating period and X is the wavelength) and the “strip factor’ b = a/g (where a is the width of the
square aperture in the metal mesh). Furthermore, the angle between higher order transmitted wave
and grating normal is determined soly by the parameter s. Thus, the intersubband absorption in
the quantum well of a BTM QWIP is determined by the total power of the higher order transmitted
TM waves and the refracted angle. The purpose of this work is to produce universal plots from
which the power of higher order transmitted TM waves and the refracted angle can be determined
for different sizes and grating period of 2-D square aperture mesh grating couplers formed on a
GaAs BTM QWIP. Together with the absorption constant of intersubband transition, these plots
provide a convenient overview of the mesh metal grating characteristics and of the various design

possibilities for the BTM QWIPs.

11.2. Basic Theory

The basic theory used in deriving the unknown scattered waves for the transmission square
mgsh metal grating coupler in a BTM QWIP is based on the modal expansion technique [105]). The
mesh metal grating consists of an infinitesimal perfect conducting screen perforated with square
apertures distributed periodically along two orthogonal coordinates Z and ¥ as shown in Fig. 11.1.
In this figure we employed spherical coordinates, # is the angle between the wave propagation
vector k and the normal to the plane of the grating, and ¢ is the angle between the z- axis and
the projection of E on the z-y plane. The mesh metal grating is formed on top of the QWIP. The
distribution of the electromagnetic waves near the grating array is in the form of Floquet mode
functions according to wave theory in a periodic structure. For this reason, under normal incidence

radiation condition the solution of scalar time independent wave equation is given by

tpq = e~ iupT | g=Jvay . g—iWpq2 (11.1)

where the wave vectors uy, vy, and wy, are given respectively by

27p

U = —g—:k-sinO-cos¢ (11.2)
v, = g?:k-sinG-sind) (11.3)

128




VK2 -1, for k% > tf,q
Wpg = : 2 ¢ 42
—jy/t, —k? for k* <t
where p,q=0,+1,%2,...,%00
and
2 _ .24 .2
_ lpg = Up T Yy
The vector orthonormal mode functions for the TE and TM modes transverse with respect to 2

can be expressed as

5:;13 = ! (tgg-a‘: - ?’—3}) Vpq for TE modes
9 \lpq Pq

5£qM =1 (-:i’ia“: + tﬂlg]) Poq for TM modes (11.4)
9 \¥pq Pq

The wave admittances looking into the air in +Z direction are

€TE — ¥Wpg 1
Pq — k Z
™™ _ _k_ 1.
€M = kL (11.5)

where Zg = \/g:: is the free space characteristic impedance. Assuming that the impedance between
all the quantum well layers are perfectly matched and the intersubband absorption is complete,
no waves will be reflected from the other end of the QWIP. Under this condition, the modal
admittances for TE and TM waves looking into the QW region from z = 0% plane are to replace

Zp in Eq. (11.5) by Zg = |/ 22 of GaAs as following

Pq k Zg
4T™ k1

= —— 11.6
" = %7 (11.6)

A plane wave with unit electric field intensity normal incidence in the ¢ plane can be expressed as

the sum of TE and TM plane waves, i.e.,

2
E =" AoorBoor (11.7)

r=1
where Agor is the magnitude of the incident field component which depends on the polarization
direction. The third subscript » = 1 or 2 is used to designate the TE and TM Floquet modes

respectively. Similarly, the reflected waves and transmitted waves can also be expressed in terms
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of the Floquet modes with reflection coefficients Ry, and transmission coefficients By, as follows:

2 2
= Z A00r600r + Z Z Z qur 6pqr

r=1 p q r=1
= ZZZBPQTQPQT (11.8)
g r=1

where Eq. (11.8) includes the boundary condmon that the tangential electric field in the aperture
is continuous. The orthonormal waveguide modes ‘f‘mnz span the space of the aperture itself other
than the Floquet modes &,,, were used to expand the unknown electric field distribution in the

aperture in order to satisfy the boundary condition, which has been shown to provide a faster

convergence.

2
= ZZZanl‘i;mnl (119)

m n =1

where the unknowns F,,.; are the coefficients given in the waveguide modes expression. Finally, a

matrix equation can be obtained as

[ MNL] [Fruni] = [Tmnt] (11.10)
where
ViR =3 Zl(fmr +&ar)Corr Coar
7 g r=
Cnl = / /a - &, - Uuda (11.11)
and
It = ZAmr&oorCo ol (11.12)
r=1

is the input matrix. The higher order transmission coefficients are given by

Bpgr = Z ZZFM:C;';’:’ p,q # 0,0 (11.13)

n =1

Since Fipn o< A and C;,';’," o 1/) for a given g, the transmission coefficient By, is a function
of A/g. The angle between the electric field of the higher order transmitted TM Floquet mode
- Bpga®pg2 and the 2 direction is designated as 7py2, and cosine of this angle depends on the order of

transmitted waves and normalized wavelength s = A/g as given by

A
COS Ypg2 = r V2 +¢? (11.14)
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The 2-D grating coupled GaAs/AlGaAs BTM QWIP structure used in the present analysis is
based on the bound ground state in the enlarged well to the global miniband in the superlattice
which has been reported by Yu and Li [13], as shown in Fig. 11.2. Only in the miniband the
electrons are freely to move in the perpendicular direction to the QW layers and may give rise to

an electric signal. The intersubband absorption constant can be expressed by
o ( e2h3 ) necos?y T?\/(E — Emin)(Emaz — E) (11.15)
B m"z’ﬂrfoc hw (U + 51)2 - Sl(Emar - E) '

where e is the electronic charge, m* is the effective mass, n, is the refractive index of the medium,

¢ is the speed of light, n. is the electron density in the wells, w is the angular frequency of the EM
waves, v is the angle between the electric vector of the incident IR radiation and the motion vector of
electrons, Emqy and Ep,;y are the two extreme edge of the miniband as shown in Fig. 11.2. All other
parameters, T, U, and S; in Eq. (11.14) depend on the specific quantum well structure. Substituting
Eq. (11.14) into (11.15), we can readily calculate the absorption constant in the spectral range of

interest.
11.3. Results and Discussion

The evanescent modes excited by the square mesh metal grating produce no photoresponse
in the quantum well intersubband transition, neither do the TE modes. Therefore, the following
discussion will focus on the propagating TM modes in the transmitted region (i.e., the side where
the QW is located). It is convenient to use the two normalized parameters ‘s = g /X’ and the strip
factor h = a/g to illustrate the universal plots for the transmission square mesh metal grating

coupled BTM QWIP.

Rigorous calculations were made by using forty waveguide modes, the addition of more modes

made no significant change in the transmission coefficients. When analyzing meshes with larger

strip factor (a/g > 0.85), a much larger number of waveguide modes were required to simulate the

wave distribution at the metal edge. Large strip factor is undesirable for the practical QWIP, since
it is more difficult to fabricate grating coupler with periodicity and aperture size less than 2 um. Let
us now consider the case of a normal incident unit amplitude electromagnetic wave impinging on
the square mesh metal grating at zero degree angle with respect to the grating normal. The effective
coupling is due to nonzero order transmitted TM Floquet modes, since the TE Floquet modes have
an angle ¥ = 90° in Eq. (11.15). Figure 11.3 shows the first universal plot, which illustrates the
normalized total power of the first order TM transmitted wave 30125012, Bo-u(i?o_l,, B_102 (3_102

and Bjgy®P10; varies with the normalized wavelength s = A/g for different h = a/g. In this figure,

2%3.252
1+3.252

we modified the transmitted power by a factor to eliminate the reflection effect owing to the
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impedance mismatch between air (n, = 1) and GaAs (n,=3.25 at 77 K). The first order transmitted
waves emerge when the wavelength of IR radiation in GaAs is smaller than the grating period, that
is, 8 = A/g < 3.25. For the same reason, within the spectral range in Fig. 11.3, only one far field
reflected waves Rgo1 @601 in the free space was found, and all other higher order refracted waves were
eliminated. This is due to the fact that free space wavelength ) is greater than the grating period g
and thus makes the grating coupler operating in the non-refraction region. Next, the square mesh
metal grating is indistinguishable in both z and y directions. The total normalized power of the
first order transmitted wave generated by z and y components of the incident wave remains the
same for different input polarizations. In other words, the grating is independent of polarization.
A relatively flat curve for b = a/g = 0.5 as shown in Fig. 11.3 may be treated as a better choice for
coupling the IR radiation more effectively into the QWIP. Figure 11.4 illustrates the normalized
total power of the second order TM transmitted components Biuztfing and B1i12§1i12 as a
function of the normalized wavelength s for various values of h. A comparison of Figs. 11.3 and
11.4 reveals that the larger the first order transmission modes the larger the power of the second
order transmitted modes is. The second order transmitted wave emerges for s < §\7-2—2§ with total

power about 50 % smaller than that of the first order transmitted modes.

Figure 11.5 shows a universal plot that relates cosv,q to the normalized wavelength of the
higher order transmitted waves, where 7 is the angle between the electric field vector and the grat-
ing normal. The relationship for the first order transmitted waves (i.e. | p| + | ¢ |= 1 in the

notation of Floquet modes 5qu ) is given by

A
COS Ypq2 = ; (11.16)

The relationship for the second order transmitted waves with | p |=| ¢ |=11is :

A
COS Ypg2 = 7 V2 (11.17)

We next calculate absorption constant on cos? ypq2 versus wavelength in a 2-D square mesh
grating coupled GaAs BTM QWIP. The mesh grating period is selected in the region where s falls
between 0.7 and 1 for the first order refracted waves. In this case cos? v is greater than 1/2, which
corresponds to the 45° launching. If we select the curve with kA = 0.5 in Fig. 11.3 by multiplying
the grating period g = 4pm to the coordinate, a rather flat coupling curve over a broad wavelength
range from 9 to 12 pm appears, as shown in Fig. 11.6. By substituting the corresponding cos<y
in Fig. 11.5 and using the QWIP parameters given in Fig. 11.2 in Eq. (11.15), we obtained the
absorption constant versus wavelength for the GaAs BTM QWIP as shown in Fig. 11.7(a). The
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aperture width of the mesh grating in the above design example was found to be a = (44m)-0.5 = 2

pm. From Fig. 11.7(a), the quantum efficiency!? 5 can be determined by using the expression
1= (Pets) (1-€*) (11.18)

where P, ;; is the effective coupling power of the light and ! is the total length of the doped quantum
wells. In the present case, | = (88A4) - (40periods) = 35204 and 7 is shown in Fig. 11.7(b).

Similarly, the characteristic curves of the first order TM refraction waves for a reflection square
cross metal grating coupler shown in Fig. 11.8 may be plotted in Fig. 11.9. The basic equations
for design such a metal grating coupler are described in Chapter 10. A strong coupling region
located in the 8.5 to 11.5 ym wavelength range as shown in Fig. 11.9 is available for coupling the
reflection mode normal incident IR radiation into the QWIP. The absorption constant spectrum
of the square cross metal reflection grating is the same as that of square mesh metal grating, as
illustrated in Fig. 11.7(a). Figure 11.10 shows a comparison of the quantum efficiency for the GaAs
BTM QWIP shown in Fig. 11.2 coupled by the 2-D square mesh and cross metal grating couplers.
Basically, they have the same coupling characteristics in the 9 to 12 um wavelength range and are
both polarization independent. A minor drawback exists for the square mesh metal grating coupler
in that a sharp dip of the first order refracted wave coupling power occurs at about 9.2um as shown
in Fig. 11.6, which corresponds to the normalized wavelength s = 715 of medium refractive index

n, = 3.25 for GaAs at 77K.

11.4. Grating Pattern Variation Effect

‘In the fabrication of small grating coupler structure on QWIPs, some distortion in the aper-
ture’s shape and size may occur during processing. This may lead to nonuniformed photoresponse
of cell-to-cell in the QWIP arrays, introduce spatial noise, and limit the sensitivity of IR image
arrays. Therefore, the effect of changing the aperture width and shape on the coupling quantum

efficiency must be considered in the grating design.

Figure 11.11(a) shows the distorted shape of the aperture. In the extreme case, the aperture
becomes a circular shape with a radius r equal to half of the square aperture width a, and the
grating coupler consists of a conducting screen perforated periodically with circular apertures. The
characteristic curve of such a grating is plotted in Fig. 11.11(b). Almost invariant coupling curve
is obtained for r/g = 0.3 to a/g = 0.6, which implies that the square mesh metal grating with
a normalized aperture width a/g = 0.6 is insensitive to the aperture shape even if the pattern

is not processed properly. Another approach to reduce the effect of deformation in the grating
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aperture is to use a larger grating geometry with a lower coupling quantum efficiency. For example,
a square mesh grating coupler with g = 6pym and @¢ = 3ym instead of g = 4um, a = 2um can be
used to couple a GaAs/AlGaAs QWIP for 9-11pm detection. Figure 11.12 illustrates the coupling
characteristic curves for the 6/3 ratio grating coupler. This larger scale grating has larger aperture
size, and hence is e:;sier to fabricate within the same error tolerance limits. Figure 11.13(a) and (b)
show the calculated optical absorption constants of the first, second and third order diffracted waves,
and the calculated coupling quantum efficiency of a GaAs/AlGaAs QWIP using two different sets
of grating parameters. The grating pattern variation effect can be minimized by either selecting a
larger aperture size or using a larger grating period. The spatial noise generated by grating pattern

variation can be reduced either by using noncritical grating geometry or using a larger grating

dimension.

In conclusion, we have performed a detailed numerical analysis of a GaAs BTM QWIP covered
with two different types of 2-D square metal gratings. It is shown that for a given QWIP the total
power and the refracted angle of the higher order TM transmitted waves depend on two normalized
parameters, s = A/g and h = a/g, which are functions of wavelength and grating dimensions. By
using the universal plots shown in Figs. 11.3 and 11.5, .the optimum grating period and grating
width can be determined for any specified IR spectrum. In addition, the absorption constant and

quantum efficiency for a 2-D metal grating coupled QWIP can be calculated from these universal

plots.
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Figure 11.1. Schematic diagram showing the square mesh metal grating
and the directions of incident and scattered waves. (a) Top
view and (b) side view.
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Figure 11.11. (a) Top view of the square and circular shape apertures for a
2-D square mesh metal grating coupler, (b) relative coupling
power of the first order diffracted waves versus normalized
wavelength for a square and circular shape aperture.
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12. DESIGN OF 2-D CIRCULAR MESH METAL GRATING COUPLER

12.1. Introduction

In our previous work we have reported the design of 2-D square dot reflection metal grating
and 2-D square mesh metal grating couplers for n-type QWIPs [83, 106]. In this section, we present
the theoretical and experimental study of a planar 2-D circular mesh metal grating coupler formed
on a GaAs QWIP. The results showed that back illumination performs better than that of front
illumination for the circular mesh metal grating coupled QWIP. In the following, we consider the
electromagnetic (EM) waves impinging on a 2-D circular mesh metal grating coupled QWIP under

normal incident back illumination.

Light coupling is polarization independent provided that the individual unit cell and cell ar-
rangement of the grating are of highly symmetry. For the circular aperture mesh metal grating
both square symmetry (Fig. 12.1(a)) and hexagonal symmetry (Fig. 12.1(b)) structures possess
the highest possible symmetry, and are polarization independent. It has been shown that only the
TM components of the grating diffracted waves lead to intersubband transition in the quantum
wells. Besides, the quantum efficiency of a QWIP is a function of the total power and absorp-
tion angle of the higher-order TM diffracted waves. In the 2-D circular aperture metal grating
shown in Fig. 12.1, under normal incident illumination, the normalized total power of each order
diffracted waves depends on the ‘normalized wavelength’ s = A/g and the ‘normalized aperture
radius’ h = a/g (where g is the grating period and A is the free space wavelength, and a is the
radius of the circular aperture in the metal grating). The universal plots displaying the normalized
total power and absorption angle of the higher-order diffracted waves versus normalized wavelength
provide a convenient way for designing the optimum grating coupler for the GaAs QWIPs. Further-
more, the absorption angle used in determining the absorption constant depends on the parameter
s and the order of diffraction. Based on this analysis, several universal charts of total power and
absorption angle of higher-order TM diffracted waves are presented below to provide a convenient
designing tools for the 2-D circular aperture mesh metal grating coupled GaAs QWIPs. The results
showed a 2.7 times enhancement of photo-responsivity for such a grating coupler over the 45° edge
illuminated QWIP.
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12.2. Basic Formulation

According to the diffraction properties of grating, the unknown scattered waves on both side of
the grating can be expanded into a complete set of Floquet modes 5;,4,, with two spatial harmonic
number p and g, and a third subscript 7 used to denote TE or TM modes. The unit power
density EM wave is normally incident on the perfect conducting grating of infinitesimal thickness
as shown in Fig. 12.1(c). The vector orthonormal mode functions for the TE and TM Floquet

modes transverse with respect to Z can be expressed by
&1 = G(sin $pod — cos ¢pq17)e—j(kgz+kgqy) for TE modes

8,52 = G(cos gpyd + sin ¢pq@)e'j(k§z+k5q”) for TM modes (12.1)

where the normalized factor G is written in terms of grating period g

1
G = - for square symmetry

9

21
= —_— for hexagonal symmetry 12.2
\ V39 g (12.2)

the time dependence e/“* is omitted, and the wave vectors kZ and kj in the z and y axes are given

respectively by

Kk = 2—g7£p = ksin 0,4 cos ¢pq

2%

k7 = -;—q = k sin Opq sin ¢pq for square symmetry
= 2 2q — p) = ksin 6, sin ¢ for hexagonal symmetry 12.3
V3g Pq Pq

where 8, and ¢, are the corresponding spherical coordinates for the wave propagating vector k of
(p, q) order Floquet mode, and p,q = 0,+1,£2,...,+00. The z direction wave vector k?? depends
on p and ¢, which is real for propagating modes, pure imaginary for evanescent modes. Assuming
that the impedances looking into the quantum well region from z = 0~ plane are equal to that of
bulk GaAs, the modal impedances ngqr and 7pqr on both sides of the metal grating for the TE and
TM waves can be easily derived. The boundary condition needs the tangential electric field vectors

to be continuous within the circular aperture located at z = 0, that is

2 2 2
ZAOOr‘foo,- + Z Z qur(f,,q, = E ZTP?T@W within the aperture (12.4)

r=1 P =1 Pq r=1
where the first summation on the left-hand side is the expansion of the incident wave with a

unit power density, the second summation on the left-hand side is the expansion of the reflected
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waves, the summation on the right-hand side is the expansion of the transmitted waves, Apor is the
magnitude of incident field component which depends on the polarization direction, Rpgr and Tper

is the reflection coefficient and transmission coefficient of the Floquet mode, respectively.

The orthonormal waveguide modes M, that satisfy the aperture boundary condition of the
circular aperture itself other than the Floquet modes 5,,,1, are selected as the second set of linear
independent basis to represent the unknown electric field distribution in the aperture. As a result,

the transverse electric field vector is written as EM 3. qu,.‘qu,. =Y oy Wonnillmni, Where

= ’2 - 60-,, 1 z{m

[} . ’
f’,:m I (zmnp> sin my LRI (ﬂfﬂp) cos mi (12.5)

- cos m sin map
- 2 - 60n 1
Hmn2(p7 ¢) = V T aJ,ﬁ—l(zmn)

G { o o 2 22, ] ome

and

sin m1

where a is the radius of the circular aperture, (p, %, z) are the cylindrical coordinates system used,
Jn is the Bessel function of the first kind with order m, Zp,y, is the nth zero of Jn(z) and z,,, is
the nth zero of J,’n(z), don equals 1 for n = 0 and 6o, equals 0 for » > 1. Employing method of

moments, a final matrix equation can be obtained as

[N Wonnit] = L] (12.7)
where
Yt = ZZ( o c;‘:ﬂ*c;zz'
pg r=1 PI7
g = [ [ Buless) Tomi(p,$)dpé (12.8)

both terms depend on grating geometry, Wi, is the unknown coefficient, and I,y is the matrix

depending on incident waves. However, it is impractical to calculate C;’;’,?’ by using numerical

integral. To solve this, a hand calculated complete form of the inner product C;,';'," of vector

functions is found in Appendix A. The higher-order reflection coefficients are given by

2
Rpgr = )Y WnaiCrer! p,q#0,0 (12.9)

mn [=1

153




The normalized power associated with (p, g)-order TM reflected wave is given by

Preﬂ —- |qu2|2 ’ (12 10)
P92 T cosorey :
rq

Since Wiy is proportional to A% and C;,’;:." varies as 1/A? for a given g, the reflection coefficient
Ry is a function of A/g. Accordingly, the normalized power P2 is also a function of A/g. The
angle between the electric field vector of the higher-order TM reflected modes Ryq2 &,,2 and the 2
direction is defined as absorption angle ¥pe2, and the cosine of this angle depends on the order of

diffraction and the normalized wavelength s (= A/g), which is given by

COSYpg2 = ni-\/ p? + ¢? for square symmetry
T
s 2
= ———/p2+q%— for hexagonal symmetr, 12.11
ey A LA St g y y (12.11)

where n, is the refractive index of the detector medium, and n, = 3.25 for GaAs at 77 K.

12.3. Results and Discussion

-

In the calculation, the lowest 52 waveguide modes and all the Floquet modes with 27/ g\/p2—+q5
< 25(21/A) were included; the addition of more higher order modes made no noticeable change
in the transmission and reflection coefficients. For simplicity we consider a unit power density
EM wave impinging normally on the mesh metal grating, as shown in Fig. 12.1(c). The eflective
coupling is due to nonzeroth-order reflected TM Floquet modes, since the TE Floquet modes have
an absorption angle ¥ = 90° and the evanescent mode produce no photo-signal in intersubband
absorption. In order to develop the universal relationship of the 2-D circular aperture metal grating
coupler, the grating parameters are normalized to grating period g, that is, normalized wavelength

‘s = A/g’ and normalized aperture radius ‘k = a/g’ to facilitate illustration.

A. Circular Mesh Grating with Square Symmetry

Figure 12.2 illustrates a universal plot, which shows the normalized total power of the first-order
TM diffracted waves Rmz(fon, Ro_u(fo_lg, R_loz(i;_mg and Rloztflog as a function of s for different
values of h. The first-order diffracted waves emerge when the wavelength of the IR radiation in GaAs
is smaller than the grating period, that is, s = A/g < 3.25. For the same reason, within the spectral
range shown in Fig. 12.2, only zeroth-order far field transmitted waves To0i®ooi (¢ = 1,2) in the free
space might be found, and all other higher-order transmitted waves were evanescent modes. This is
due to the fact that free space wavelength A is much greater than the grating period g. In addition,

the square symmetry arrangement of the grating is indistinguishable between z and y directions.
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The total normalized power of the first order diffracted waves generated by ¢ and y components

of the incident waves remain the same for different incident polarizations. In other words, the
coupling of the grating is polarization independent. Figure 12.3 illustrates the normalized total
power of the second-order TM diffracted components Rﬂn‘fﬂu and Riy-12 ®41_12 as a function
of s for different values of h. A comparison of Figs. 12.2 and 12.3 reveals that the grating which
excites larger power of the first-order diffracted waves will prohibit the power of the second-order
diffracted waves. The second-order diffracted waves emerge for s < 2.298 with a total power about

50 % smaller than that of the first-order diffracted waves.

During grating fabrication process, it is noted that the grating period g remains constant,
while the aperture radius may be varied. Under this process consideration, a figure relates the
total power of the first-order diffracted waves to h = a/g within the most effective coupling regime
2.8 < s < 3.2 is plotted in Fig. 12.4. It is shown that a/g = 0.36 is the ratio of aperture radius
which not only is insensitive to the variation in aperture radius but also maximizes the normalized
diffracted power P.ss. This implies that a/g = 0.36 is the optimum aperture radius for the square

symmetry circular aperture metal grating.

B. Circular Mesh Grating with Hexagonal Symmetry

Figure 12.5 shows the universal plot illustrating the normalized total power of the first-order
TM diffracted waves Ri102 5£% , Rot12 63},‘{ and Ri1412 5£ﬁ1 as a function of s for different values
of h. The first-order diffracted waves emerge when the wavelength of the IR radiation in GaAs is
smaller than 1/3/2g. The second-order TM diffracted waves consist of Rz1+12 igﬁl, Ri4228TM
and Ri212$£% , which exist only for s < 2.298 with a total power about one tenth of that of the
first-order diffracted waves. Of course, the total normalized power of each order diffracted waves is
independent of the incident polarization. Again, the figure relates the total power of the first-order
diffracted waves to A within the most effective coupling regime 2.4 < s < 2.8 is plotted in Fig. 12.6.
It is shown that a/g = 0.31 is the optimum normalized radius for the hexagonal symmetry circular

aperture metal grating.

By comparing Figs. 12.2 and 12.5, it is seen that a maximum coupling efficiency for the square
symmetry circular aperture grating is about 1.08 times larger than that of hexagonal symmetry
grating coupler. On the other hand, the latter has a 1.44 times wider available bandwidth (the band
between the normalized wavelength at which the 1st and 2nd diffracted waves begin to propagate)
than that of the former.
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The circular aperture mesh metal grating coupler used in our experiment is the square sym-
metry one discussed above. For effective coupling, the period of mesh metal grating is selected
in the region where s falls between 2.298 and 3.25 by using the first-order TM diffracted waves.
Within this region, the cos?7 is greater than 1/2, which is corresponding to that of a 45° angle
light launching. The grating parameters are g = 3.3um, a = lum, or a/g = 0.6 with the grating
coupling characteristic curve shown in Fig. 11.7, which is obtained by multiplying the grating pe-
riod g = 3.3um to the coordinate of curve a/g = 0.6 in Fig. 12.2. The cut-off wavelength of the
grating is 10.725um. The grating coupled GaAs QWIP used in the present analysis is composed
of 20-period GaAs multiquantum wells with a well width of 40A and a dopant density 1.2 x 108
cm~3 and an Alg25Gag7sAs barrier thickness of 480A. In this QWIP, the 2-D electrons in the

continuous band can move freely in the direction perpendicular to the quantum well layers, which

in turn produce an electric current through the QWIP.

The responsivity Ry for the QWIP can be calculated by
Rr = [Puss(1- )] gorsy (1212)
where P,y is the effective coupling power of the IR radiation, and [ is the total length of the
doped quantum wells, and the terms in the square brackets is the expression of quantum efficiency
7. In the present case, Peyy is the normalized total power of the first order diffracted waves, and
I = (40A/period) - (20 periods) = 800A. The optical gain g, is estimated by the measured results
of a 45° angle edge detector at bias V, = —1V. The intersubband absorption constant is given by

o = |M|?F cos? y (12.13)

where 7 is the absorption angle given in Eq. (12.11) or Fig. 12.7. F is a function of wavelength A
and the parameters of a specific quantum well structure; M is the envelop matrix element, and a
60% continuous band split is assumed. A comparison between the theoretical calculation and the
experimental data of responsivity is illustrated in Fig. 12.8. As shown in this figure, the solid line
represents the theoretical responsivity of the grating with parameters ¢ = 3.3um and a = lum,
which results in a 2.7 times enhancement over that of 45° edge detector. The responsivity of the
grating with parameters ¢ = 4pym and a = 1.1um is also illustrated in Fig. 12.8, which shows
that the grating having normalized wavelength 2.298 < s < 3.25 is a more effective grating coupler.
Furthermore, by choosing a grating of g = 3.3um, a = 1.2um, i.e. a/g = 0.36, a greater responsivity

enhancement can be obtained.

In conclusion, we have performed a detailed analysis and numerical calculations of a 2-D

circular aperture mesh metal grating coupled GaAs QWIP. It is shown that for a given QWIP
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material, the total power and the diffracted angle of the higher-order TM diffracted waves depend
on two normalized parameters s = A/g and h = a/g, which are functions of wavelength and grating
dimension. The optimum grating period and aperture radius can be obtained for any specific
infrared spectrum by scaling the universal curves shown in Fig. 12.2 and Fig. 12.4. Moreover, the

responsivity for a 2-D metal grating coupled QWIP can be calculated from these universal plots.
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Figure 12.1. Top view of a circular mesh metal grating coupler (a) with
square symmetry and (b) hexagonal symmetry. (c) Cross
sectional view of a circular mesh metal grating with normal
incident back illumination. g is the grating period and a is

the radius of circular aperture.
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metal grating coupler with square symmetry and different
values of h = a/g.
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and different values of h = a/g.
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13. PHYSICS OF P-TYPE STRAINED-LAYER QUANTUM WELL INFRARED PHOTODE-
TECTORS

13.1. Introduction

Quantum well infrared photodetectors (QWIPs) using n-type GaAs/AlGaAs and InGaAs/InAlAs
material systems for the 3 - 5 pm mid-wavelength infrared (MWIR) and 8 - 14 ym long-wavelength
infrared (LWIR) atmospheric transmission windows have been extensively studied in recent years
[69]. With low electron effective mass and high electron mobility, the n-type GaAs and InGaAs
QWIPs offer excellent IR detection properties. However, quantum mechanical selection rule for the
intersubband transition requires that the radiation electric field has a component perpendicular to
the quantum well plane in order to induce intersubband absorption in the quantum wells. As a
result, for n-type QWIPs, it is necessary to use planar metal or dielectric grating structures for

coupling the normal incident IR radiation into absorbable angles [47, 83, 84].

P-type QWIPs using valence intersubband transitions have been demonstrated in the lattice-
matched GaAs/AlGaAs and InGaAs/InAlAs material systems [107, 108, 109, 110]. Due to band
mixing between the light-hole and heavy-hole states, the normal incident illumination is allowed
for the intersubband transition in p-type QWIPs. In general, the intersubband transitions under
normal incident radiation in p-type quantum wells are induced by the linear combination of P-
like valence-band Bloch states that provides a nonzero coupling between these components and
the normal radiation field. The strong mixing between the light- and heavy-hole states for k #
0 greatly enhances the normal incidence intersubband absorption. However, in the unstrained
lattice-matched quantum well systems, these intersubband transitions occur between the heavy-
hole ground state and the upper heavy-hole excited states. Due to large heavy-hole effective mass,

weak absorption and low responsivity are expected in the unstrained p-QWIPs.

Strain effects induced by lattice-mismatch can modify the energy bandgap of the quantum
well and superlattice, split the degeneracy of the heavy- and light-hole bands at the center of
Brillouin Zone (BZ) as shown schematically in Fig. 13.1, and modify carrier transport properties
[111]. Matthews and Blakeslee [112] reported that a high quality of coherently strained-layers can
be grown if the individual layer thickness of the system is within its critical thickness. Osbourn
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[8, 113] demonstrated that coherently strained-layer superlattices (SLS) can be used for a wide
variety of novel optoelectronic devices such as lasers, modulators, enhanced-mobility field effect

transistors, light-emitting diodes, and photodetectors.

13.2. Coherent Strained-layers

When a biaxial strain is applied between two thin superlattice layers, the pseudomorphic or
coherent heterointerfaces can be obtained if the individual layer thickness is within the critical
thickness. As a result, the misfit due to the lattice constant mismatch is totally accommodated by
the elastic strain. The biaxial strain can be either compressive or tensile depending on the lattice
constants and layer growth direction. Based on the force balance model [112], the equilibrium
critical layer thickness h, for an epilayer with lattice constant a grown on a substrate with a lattice

constant a; is given by

he = ( \/g 50) 8;(14’:"1‘/’)3:09” [1 + zn(hﬁ/a)] (13.1)

where h is the epilayer thickness, © is the angle between dislocation line and Burges’ vector, a is
the angle between slip direction and the layer plane direction, 6, is the lattice-mismatch or in-plane
strain, §, = (a, - a)/a, (8, > 0 for tensile strain, §, < 0 for compressive strain), and v is the Poisson

ratio, v = -C12/C11. C;; are the elastic constants which can be found in reference [114].

For a coherent strained multiple layer QWIP structure, the multilayers can also be grown on a
substrate having a lattice constant a, with misfit-free quality if a, = a;, where a| is the equilibrium
in-plane lattice constant for the multi-layers. It can be calculated by [112]

a1§1L1 + a2z Ly
= 13.2
L6+ L6 (13.2)
where a; 2 and L; 2 are the individual layer lattice constant and thickness, respectively. £ is the

shear modulus given by £ = (Cy; + Ciz - 2C2,/Cy1). In the case a)| # as, the coherently strained-

layer superlattice structure is no longer in equilibrium with the substrate. For instance, if the
lattice constant of the barrier layers is equal to that of substrate, then the strain will be entirely
accommodated in the well layers with no strain in the barrier layers. However, Hull et al. [115]
showed that, even though aj| # as, if the individual layer thickness in the superlattice is less than
its critical thickness, the loss of coherence only occurs at the interface between whole superlattice
and substrate, and whole superlattice still remains coherent itself. If the coherently strained-layer
structure of a QWIP is grown along [100] direction, the components of the strain tensor [e] for

layers are reduced to

as; —a
€zz = €y = €= ’a" ", (13.3)
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2Ch2 .
€yz = —-e” ( Cu ); (13.4)

€zy = €y; =€, =0. ' (13.5)

13.3. k.p Model

In order to fully describe the optical and electronic properties (such as energy bandgap, sub-
band energy level splitting, intersubband transition etc.,) for a coherently strained-layer structure,
the multiband effective-mass k.p model based on the perturbation approximation should be used.
In the k.p model, the interactions of S-P type coupling among conduction (C), heavy-hole (HH),
light-hole (LH), and spin-orbit (SO) states combined with spinorlike coupling are taken into consid-
eration to derive the band structures, thus, resulting in 8 x8 k.p Hamiltonian and momentum matrix
elements. Under the perturbation approximation, a set of wave functions of Sy/5: (|1/2,£1/2>.),
Pasg: (13/2,£3/2 >; 13/2,£1/2 >), and Pyyy: (|1/2,£1/2 >) are used as the unperturbed and
unstrained basis in the |J,my > representation [116]. mj = + 1/2 represent light-particle states
(either for electron or for LH), while my = + 3/2 denote heavy-particle states (for HH). When a
larger bandgap exists such as in InGaAs and GaAs layers compared with the elements of the k.p
matrix between the conduction band and valence band states, a reduced 6x6 k.p Hamiltonian can
be roughly used to depict the P-like properties of the coherently strained-layers by considering the
S-like conduction band states as a perturbation. The wave functions of the coherently strained-layer

superlattice at the zone center (i.e. k = 0) are given by [117],

3/2,£3/2>  HH states (13.6)
v13/2,%1/2> +8|1/2,£1/2>  LH states (13.7)
-p13/2,£1/2 > +4]1/2,£1/2> SO states (13.8)

where v and § are constants depending on the strain parameters. It is seen that the heavy-hole
states |3/2,+3/2 > are still decoupled with other valence states even under the biaxial strain at
k = 0, while light-hole states and spin-orbit split-off states are coupled at k = 0. However, HH,
LH, and SO states are variedly mixed [118, 119] in the coherently strained-layer superlattice if k
# 0. This kind of mixtures (between the states with different m;’s) is due to boundary conditions
across the interface of the quantum weli layers. From the k.p matrix, the interaction between the
different m;’s states is proportional to the transverse components of the wave vector (i.e. k),
so that HH-states are decoupled when k; , = 0. Note that k., are conserved across the interfaces
since interface potential depends only on z, the quantum well growth direction. The band mixing
can be significant if the I'-bandgap is small (e.g., GaAs and InGaAs) and if LH- and SO-bands
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involved in the transition have a large k, [118].

13.4. Strain Effects

From the elasticity theory [111], the biaxial strain can be divided into two independent com-
ponents, one is isotropic or hydrostatic component and the other is anisotropic or shear uniaxial
component. The strain-induced energy shifts, AEy due to the hydrostatic component and AEy

due to the shear uniaxial component, can be expressed, respectively, by [120]

Cin—Cr2

AEy = 2V 5 (13.9)
Cu

AEy = v, St (13.10)
Cn

where V.4 and V4 are the conduction-band deformation potential and shear deformation potential,

respectively.

The energy bandgaps due to the strain for the heavy-hole, light-hole, and spin-orbit states at
k = 0 are given by [120]

Eug = Ep+ AEg—-AEy (13.11)
2
Eig = E4,+AEg+ AEy - %%—q-)— + .- (13.12)
AEpy)?
Eso = Egp+A.+ CL2:) M (13.13)

24,

where Eg, is the unstrained bandgap and A, is the spin-orbit splitting energy. From the above
equations, it can be shown that both the heavy-hole and light-hole states can be shifted as a result
of the biaxial strain and spin-orbit splitting energy.

The calculation of both intersubband and interband transitions in a p-type strained-layer
QWIP requires the use of 6 x6 Hamiltonian which includes the above k.p Hamiltonian [117] and the
strain Hamiltonian [111]. The strain and spin-orbit coupling terms do not lift the spin degeneracy,
and hence the 6x6 Hamiltonian matrix can be factorized into two 3x3 irreducible matrices. In
order to simplify the problem without lost correct prediction, we assume Fermi distribution function
is equal to one for the confined ground state and zero for the excited states in equilibrium. The
absorption coefficient for the intersubband (or interband) transition between the initial ground

state i and the final continuum states f is given by [121]

_ 472e? 2dk : e I'/2n
oi(w) = zf: nremie Jog 21) [(f. - fr)lé: P,,flz[Ai’f(k) o 1“2/4] (13.14)
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where n, is the refractive index in the quantum well, m, is the free electron mass, A;y is the
energy difference between the initial state i (with energy E;(k)) and the final state f (with energy
Ef(k)), € and w are the unit polarization vector and the frequency of the incident IR radiation,
f; (or ff) is the Fermi distribution function of initial (or final) state, I' is the full width of level
broadening (~ h/7if, 7y lifetime between states i and f). |é-P; ¢} is the optical transition elements
between the quantum well valence ground subband states i and the continuum subband states f in
HH-, LH-, and SO-bands, and can be derived from two 3x3 k.p matrix elements (see Appendix
B). The optical transition elements show the selection rule of the intersubband transition for the
P-type toherently strained-layer quantum well. For the same type intersubband transitions such
as HH—HH, LH~LH, and SO~S0, the oscillator strength is proportional to either ky (or k) or
k; (or kzy). For the mixing type interband transitions such as HH~LH, HH+S0, and LH-SO,

each polarization of the normal incident light can contribute to the intersubband absorption.

171




type-l Type-Il Type-ll
(Staggered) (Misaligned)
A B A B A B
c c _ﬁ_
No — e E—
Strain —_— c H.L
(a,=25) HL HL — .
il _HL_ HL
c < o
Aln T e~ | H
Compression v H o -T ¢ _
(a A > aB ) H H— _.L__— -~
- T —_L L
- C - C
- © -C —
Aln —— ¢ L
T -
ension H L — —H c
(aA < aB) L _L— - H_ H - =
C— _ L-

Figure 13.1. Schematic illustration of the band-edge lineup in type-I and
type-II superlattice. A and B indicate two semiconductor
thin layers in the superlattice basis. (C, H, and L indicate
conduction, heavy-hole, and light-hole bands, respectively.)
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14. A P-TYPE TENSILE STRAINED-LAYER InGaAs/InAlAs QUANTUM WELL INFRARED
PHOTODETECTOR

A p-type tensile strained-layer (PTSL) Ing.3Gag 7As/Ing 52Alp.48As quantum well infrared pho-
todetector (QWIP) grown on semi-insulating (100) InP substrate with MBE technique for 8-14 ym
detection has been developed. This PTSL-QWIP shows background limited performance (BLIP)
for T < 100 K, which is the highest BLIP temperature ever reported for the QWIP family [122].

14.1. Inversion between Heavy- and Light-hole States

Due to the lattice mismatch between the InP substrate and the Ing3Gag 7As quantum well,
a biaxial tensile strain is created in the quantum well while no strain exists in the barrier layer
[123, 124]. The tensile strain in the wells can push the light-hole levels upward and pull the heavy-
hole levels downward. As a result, the ground heavy-hole and light-hole states are inverted for a
certain strain and quantum well thickness, and the light-hole state becomes the ground state in
the quantum well. Thus for the PTSL-QWIP, the intersubband transition is from the populated
light-hole ground state to the heavy-hole continuum states. Since the light-hole has a small effective
mass, the optical absorption and photoresponsivity in the PTSL-QWIP can be greatly enhanced
by using this new approach. In fact, the calculated absorption coefficient by Xie et al. [123] for the
Ing 3Gag.7As/Ing 52Alp 48As system with a 60 Awell width was found to be 8,500 cm™! at Ap =12

pm.
14.2. Experiments

The normal incidence p-type tensile strained-layer Ing 3Gag.7As/Ing 52Aly.4sAs QWIP uses the
intersubband transition scheme between the confined ground light-hole state to the continuum heavy
hole states. Figure 14.1 shows the energy band diagram for the PTSL-QWIP. The band bending
may be attributed to the dopant migration effect occurred during the layer growth. The PTSL-
QWIP structure was grown on a (100) semi-insulating (SI) InP substrate by using MBE technique.
The PTSL-QWIP structure consists of 20 periods of 4-nm Be-doped Ing3Gag7As quantum well
with a dopant density of 1x10'® cm—3 separated by 45-nm IngszAlg4sAs undoped barrier layer.
A 0.3-pm cap layer and a 1-pum buffer layer of Be-doped Ing 53Gag 47As with a dopant density of
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2x108 cm~3 were grown for the top and bottom ohmic contacts. The contact and barrier layers
are lattice-matched to the InP substrate, and the quantum well layer is in biaxial tension with a
lattice mismatch of approximately 1.5 %. In order to measure the spectral responsivity and dark
current of this PTSL-QWIP, a 200 x 200 um? mesa structure was created by using the chemical
etching process. The Au/Zn alloy was thermally evaporated onto the QWIP mesas with a film
thickness of 1500 A, followed by annealing at 480 °C for 3 minutes to obtain stable and low contact

resistance.

Figure 14.2 shows the measured dark current density and 300-K ba.ckgiound photocurrent den-
sity for the PTSL-QWIP. The device shows asymmetric dark current characteristic under positive
and negative bias, which is attributed to the band bending due to dopant migration effect as shown
in Fig. 14.1. The dark current density was found to be equal to 7x107® A/cm®? at Vy =2V and T
= 77 K. In fact, this PTSL-QWIP is under background limited performance (BLIP) with field of
view (FOV) 90°C for V; < 3 V and T < 100 K, which is believed to be the highest BLIP temper-
ature ever observed in a QWIP. The ultra low dark current density observed in the PTSL-QWIP
can be attributed to the following factors, (1) the dark current is dominated by the thermionic
emission from the ground light-hole state and transports through the heavy-hole continuum states
above the barrier. The thermionic emission current is drastically reduced due to the increase of the
effective barrier height by the strain in the quantum well, (2) since the bandwidth of the heavy-hole
continuum states is very narrow (~ 10 meV compared to the unstrained p-type QWIP of about
25 meV), a reduction of dark current by about ten times is expected, (3) due to large heavy-hole
effective mass and short heavy-hole lifetime in the continuum states (i.e., lower photoconductive
gain) the dark current can be further reduced, and (4) lower thermally generated hole density also

contributes to a lower dark current.

The responsivity of the QWIP under normal incidence illumination was measured as a function
of temperature, bias voltage, and wavelength using a globar and automatic PC-controlled single-
grating monochromater system. The measured photocurrents versus wavelength for both positive
and negative biases are shown in Fig. 14.3 (a) and (b), respectively. A peak response wavelength
was found to be at A, = 8.1 um, which is attributed to the intersubband transition between the
confined ground light-hole state Epy; to the continuum heavy-hole band states Exps as illustrated
in Fig. 14.1. The cutoff wavelength for this QWIP was found to be 8.8 ym with a spectral bandwidth
of AM/A, = 12 %. Since two other heavy-hole bound excited states are confined inside the quantum
wells with very low tunneling probability off the thicker barrier layer, no photoresponse from these

two heavy-hole states was detected. The responsivities for the PTSL-QWIP were calibrated by
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using a standard pyroelectric detector and lock-in amplifier technique. Responsivities of 34 mA/W
at Vy = 4V and 51 mA/W at V, = - 4 V were obtained for this PTSL-QWIP. The maximum BLIP
detectivity Dj;p at A, = 8.1 um was found to be 5.9%10'° cm-v/Hz/W (with a responsivity R4 =
18 mA/W) at V; = 2 V, FOV = 90° and T = 77 K. The quantum efficiency for the PTSL-QWIP
was estimated to be 18 % from the responsivity measurement with a photoconductive gain g =

0.015.

When Johnson noise and readout circuit noise are ignored, %BLIP for positive and negative

bias are evaluated by using

'inb
B " 14.1
#ABLIP (% + 24)1/? (14.1)

where in5 4 are the 300 K background photocurrent noise and dark current noise, respectively.
The insets in Fig. 14.3 show the calculated %BLIP results for the positive and negative biases. A
nearly full BLIP detection was achieved at bias voltage between - 2 V and 5 V. As a result of the
full BLIP detection in our PTSL-QWIP, the noise equivalent temperature difference (NEAT) in

the focal plane array imaging applications is expected to be significantly improved.

14.3. Conclusions

We have demonstrated a new normal incidence p-type tensile strained-layer InGaAs/InAlAs
QWIP with BLIP for V, < 3 V and T < 100 K. The BLIP detectivity for the PTSL-QWIP
was greatly enhanced by the biaxial tensile strain introduced in the wells leading to the inversion
of heavy- and light-hole subbands in the well. By further optimizing the quantum well dopant
density, biaxial strain strength, and structure parameters, high performance PTSL-QWIPs can be
fabricated for large-area infrared focal plane array image sensor system under BLIP for T < 100

K.
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Figure 14.1. Schematic energy band diagram for the p-type tensile
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15. A P-TYPE COMPRESSIVE STRAINED-LAYER InGaAs/GaAs QUANTUM WELL IN-
FRARED PHOTODETECTOR

A normal incidence p-type compressive strained-layer (PCSL) Ing 4GagsAs/GaAs quantum
well infrared photodetector (QWIP) grown on (100) semi-insulating GaAs substrate by MBE tech-
nique for 3-5 ym MWIR and 8-14 ym LWIR two-color detection has been demonstrated for the first
time. This PCSL-QWIP shows a broadband double-peak response at MWIR and LWIR detection
bands by utilizing the resonant transport coupling mechanism between the heavy-hole type-I states
and the light-hole type-II states. By using the compressive strain in the InGaAs quantum well
[125], normal incidence absorption was greatly enhanced by reducing the heavy-hole effective mass
(by a factor of 3) and increasing the density of states off zone center. Maximum responsivities of
93 mA/W and 30 mA/W were obtained at peak wavelengths of Ap; = 8.9 um and Az = 5.5 pm,
respectively, with V; = 1.6 V and T = 70 K. Detectivity at A, = 8.9 um was found to be 4.0x10°
em-vVHz/W at Vy 0.3 Vand T = 70 K.

15.1. Interaction between Type-I and Type-II QW States

In general, strain can strongly affect the energy band structure and induce splitting between

the heavy-hole and light-hole states in the valence band zone-center, which is degenerated in the

_ unstrained case. In the Ing4GageAs/GaAs QWIPs, a biaxial compressive strain is introduced in

the InGaAs quantum well layers while no strain is present in the GaAs barrier layers. The strain
pushes the heavy-hole states upward and pulls the light-hole states downward in the InGaAs well
region. The light- and heavy-hole bands are split in the InGaAs well region and degenerated in the
GaAs barrier region at the Brillouin zone (BZ) center (i.e. k = 0).

The p-type compressive strained-layer Ing 4GageAs/GaAs PCSL-QWIP was grown on a SI
GaAs substrate by using MBE technique. This PCSL-QWIP structure consists of 20 periods of
4-nm Be-doped Ing 4GageAs quantum well with a dopant density of 4x10'® cm~3 separated by a
35-nm GaAs undoped barrier layer. A 0.3-um cap layer and a 0.7-um buffer layer of Be-doped
GaAs with a dopant density of 5x10'® ¢cm™3 were grown for the top and bottom ohmic contacts.
The contact and barrier layers are lattice-matched to the SI GaAs substrate, and the Ing 4Gag gAs

quantum well layers are under biaxial compression with a lattice mismatch of approximately 2.8
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%. The ground subband energy levels confined in the quantum wells are the highly populated
heavy-hole states Epy. The mobility of the heavy-hole is enhanced by the compressive strain
created in the InGaAs quantum well layers due to the reduction of the heavy-hole effective mass
[126] (i.e., by a factor 3). In addition, due to the compressive strain in the quantum well, the
density of states in the well will decrease, and hence many more free holes have to reside at higher
energy states, which implies that the effective Fermi level is elevated by the compressive strain effect
compared to the unstrained case. The elevation of the effective Fermi level will result in the increase
of the number of the off-BZ-center free holes (i.e., k # 0) with lighter effective mass, and hence
a larger intersubband absorption under normal IR incidence is expected. In this InGaAs/GaAs
strained-layer QWIP, heavy-holes are in type-I band alignment configuration, while light-holes are
in type-II band alignment configuration. In addition, a binary GaAs barrier layer is employed so
that a superior current transport is expected to that of a ternary barrier layer. It should be noted
that unlike other types of QWIPs, the heavily doped contact layers of this PCSL-QWIP are made
on large-bandgap GaAs. A large tunneling current from the triangle barrier potential near the
ohmic contact region may be the dominant factor. In order to reduce this dark current component,

a thick (550 ;1) undoped GaAs barrier layer is grown next to the top and bottom contact layers.

Figure 15.1 (a) and (b) show the energy band diagram and subband energy states for this
PCSL-QWIP. The intersubband transitions occurs from the highly populated ground heavy-hole
state (Egg1) to the upper heavy-hole continuum states (Exps and Eggy4) for the 8.8 um LWIR
detection and 5 um MWIR detection, respectively. As shown in Fig. 15.1, the combination of type-I
(for heavy-hole) and type-II (for light-hole) energy band configurations has three main ingredients
to improve the performance of the PCSL-QWIP. First, the mobility of the heavy-holes confined in
the ground states (i.e. HH1) of type-I configuration is enhanced by the internal biaxial compressive
strain effect, from which a larger normal absorption can be achieved. Second, the heavy-hole
excited continuum states (i.e. HH3) are resonant with the GaAs barrier which can maximize the
absorption oscillator strength. Finally, the heavy-hole excited continuum states are resonantly lined
up with the light-hole states, which may give rise to a strong quantum state coupling effect. It
is the resonant-line-up effect that makes the conducting holes behaving like light-holes with high
mobility, small effective mass, and long mean free path. Thus, a larger photoconductive gain and

a higher photoconductivity are expected in the PCSL-QWIP.
15.2. Experiments

In order to measure the device dark current and spectral responsivity of this PCSL-QWIP,
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a 200%200 pm? mesa structure was created by using the chemical etching process. Cr/Au metal
films were deposited onto the QWIP mesas with a thickness of about 1500 A. The substrate of the
QWIP device was thinned down to about 50 um to partially eliminate the substrate absorption
screening effect, and polished to mirror-like surface to reduce the reflection of the normal incident

IR radiation.

Figure 15.2 shows the measured dark current at T = 30, 60, and 77 K. The device shows the
asymmetrical dark current characteristic under the positive and negative bias, which is attributed
to the band bending due to dopant migration effect occurred during the layer growth [127]. This
PCSL-QWIP is under background limited performance (BLIP) at V, = 0.3 V, 0.7 V, and T = 70,
55 K respectively, for a field of view (FOV) 90°.

The responsivity of this QWIP under normal incidence illumination was measured as a function
of temperature, bias voltage, and wavelength using a blackbody radiation source and automatic
PC-controlled single-grating monochromater system. Two dominant peaks were detected: a twin
peak in the LWIR of A, 2 = 8.9, 8.4 um was observed, as shown in Fig. 15.3 (a), and the other
is in the MWIR of A,3 = 5.5 pm, as shown in Fig. 15.3 (b). The LWIR twin peaks at Ay 2 =
8.9, 8.4 um cover a broad wavelength band from 6.5 to 12 um. Responsivities of 24 mA/W at V,
= 0.3V and 45 mA/W at V, = 0.7 V were obtained at T < 75 K for the two peak wavelengths.
The cutoff wavelength for the LWIR detection band was found to be A. ~ 10 gm with a spectral
bandwidth of AA/), = 35 %. Detectivity at A,; = 8.9 um was found to be about 4.0x10°, 3.2x10°
cm-\/_}E/W at Vy = 0.3, 0.7 V and T = 75 K, respectively. These twin peak wavelengths are
attributed to the intersubband transition between the confined ground heavy-hole state (Egz;) to
the continuum heavy-hole states (Eggs), which is resonantly lined up with the type-II light-hole
continuum states, as illustrated in Fig. 15.1. The transition energy for these peak wavelengths
is in reasonable agreement with our theoretical calculation. These twin peaks broaden the LWIR

detection bandwidth by about a factor of 2. The physical origin for the twin peaks feature is not

* clear, but a possible explanation may be given as follows. When the continuum HH- and LH-bands

are strongly mixed, an individual subband (either HH-band or LH-band) further splits into two
subsubband due to the coupling and interaction: one upward and the other downward. This gives
rise to the observed twin-peak detection in the LWIR band. The MWIR peak observed at Apz =
5.5 pm covering the wavelengths of 4 to 6.5 um. Responsivities for the MWIR band were found to
be 7mA/W, 13 mA/W at V; = 0.3,0.7 V and T = 75 K, respectively. The spectral bandwidth of
AX/Apz = 27 % was obtained with a cutoff waveléngth at A; = 6 pm. The intersubband transition

occurred between Exp; and Expy subbands was responsible for the MWIR detection. However,
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no mixing and interaction between HH-band and LH band was observed in this transition. This
may be due to the weak overlap interaction at higher subbands. Since Exzs subband is confined
inside the quantum wells with very low tunmneling probability off the thicker barrier layer, the

photoresponse from this heavy-hole state was not detected.

Responsivities versus bias voltage for the LWIR and MWIR peak wavelengths were measured
at T = 75 K, and the results are shown in Fig. 15.4. The responsivity of Ap; = 8.9 pum (or Ap; = 8.4
pm) was found to increases linearly with bias voltage for V3 < -1.6V and V, < + 1.2V, and then
rapidly falls to zero from the peak value with bias interval of 0.15 V. Similar photoresponse was
observed for Ap3 = 5.5 pm. It is noted that the responsivity is higher at positive bias than that at
negative bias for both MWIR and LWIR bands when |V;| < 0.5 V and then becomes nearly equal
for [V3] > 0.6 V. Figure 15.5 shows the photoconductive gain versus bias voltage. A maximum gain
of 0.13 was obtained at V, = 1.6 V, and then decreases rapidly for higher bias voltage. The linear
photoresponse versus bias voltage is due to the linear photoconductive gain with bias voltage as
shown in Fig. 15.5. When the bias voltage increases, the coupling transport breaks down, and then
photoconductive gain becomes very small. As a result, no photocurrent was detected for V; ; 1.6

V. Furthermore, a photovoltaic (PV) response for both MWIR and LWIR bands was also observed
for the first time for the p-type QWIP.

15.3. Conclusions

In conclusion, we have demonstrated for the first time a new normal incidence p-type com-
pressive strained-layer InGaAs/GaAs QWIP grown on GaAs substrate for the MWIR and LWIR
two-band detection. The intersubband absorption and photoresponse in this PCSL-QWIP were
enhanced by the biaxial compressive strain in the InGaAs quantum well layers. The improvement
in the performance of the bandwidth and responsivity in this PCSL-QWIP was achieved by using
type-I and type-II configuration coupling transport mechanism. Since the total layer thickness of
this PCSL-QWIP is greater than the coherent strained-layer limitation, certain strain relaxation
might occur, which will result in a larger dark current and lower photoconductive gain than theo-
retical predictioh. By further optimizing the quantum well dopant density,barrier layer thickness,
biaxial strain strength, and layer structure parameters, a high performance PCSL-QWIP can be
developed for the MWIR and LWIR two-color infrared focal plane arrays image sensor systems
with background limited performance (BLIP) at T = 85 K.
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16. CONCLUSIONS

In this report, we have presented several novel III-V semiconductor quantum well infrared pho-
todetectors (QWIPs) developed by us using bound-to-miniband (BTM) and bound-to-continuum
(BTC) intersubband transition schemes for 3-5 yum MWIR and 8-14 ym LWIR detection. In ad-
dition, design and fabrication of several 2-D metal grating couplers for n-type QWIPs have also
been carried out. Detectivities in the high 10° to low 10'2 cm-v/Hz/W have been obtained for the

QWIPs developed in this work at 77 K operation. The results are summarized as follows:

e The GaAs/AlGaAs and InGaAs/InAlAs BTM QWIPs and GaAs/AlGaAs BTC QWIP have
both PC and PV dual-mode detection characteristics. The PV mode detection for these
QWIPs may result from dopant migration effect during the QWIP growth. The BTM inter-
subband transition is from the highly populated bound ground state in the enlarged quantum
wells to the global miniband states formed by the superlattice barrier layers inside the quan-
tum wells. By utilizing resonant tunneling and coherent transport along the superlattice
miniband for the BTM QWIPs, voltage-tunable spectral bandwidth with AA/A, = 7 % to 24
% has been obtained at peak wavelength 10 um. A GaAs/AlGaAs QWIP using an enlarged
GaAs (110 A) quantum well with dopant density of 5x10'® cm~2 and an enlarged AlGaAs
(875 A) barrier for two-color detection at peak wavelengths of 7.7 and 12 pm has been realized
at T = 77 K. The detection scheme uses transition from the confined ground-state and the
first excited-state inside the enlarged GaAs quantum well to the continuum states slightly
above the AlGaAs barrier layers. By using intersubband transition from the first excited
states to the continuum states for the PC mode operation, detectivity of 2x10'° cm-v/Hz/W
is obtained at A, =12 ym, V; =1V, and T = 77 K.

¢ A type-Il indirect bandgap AlAs/Aly5GagsAs QWIP grown on the (110) GaAs substrate
has been developed which shows the normal incidence multi-color infrared detection schemes
in the 2-18 pym wavelength range with six response peaks. The intersubband absorption
for the normal incidence is created by indirect anisotropic band structure in X-valley and
tilted [110] growth direction with respect to the principle axes of the ellipsoidal valleys. By
using X-T' valley resonant transport mechanism in this type-II QWIP, the enhancement of
the photoconductive gain and photoresponsivity has been achieved in both the MWIR and
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LWIR detection bands.

e A p-type tensile strained-layer InGaAs/InAlAs QWIP has been developed which shows an
ultra low dark current density of 7x10~7 A/cm?, six orders of magnitude smaller than the
BTC transition GaAs/AlGaAs QWIP. This QWIP is under background limited performance
(BLIP) at A, = 8.1 pm for T < 100 K, which is the highest BLIP temperature ever reported
for a QWIP. By applying the tensile strain between the quantum well and the barrier layer,
the light-hole levels are pushed upward and the heavy-hole levels are pulled downward. As a
result, the ground heavy- and light-hole states are inverted, and the light-hole state becomes
the ground bound state in the quantum well. Since the light-hole has a small effective mass,
the optical absorption is greatly enhanced. In addition, the p-type compressive strained-layer
InGaAs/GaAs QWIP developed in this work has two-color detection at peak wavelengths of
5.5 and 8.9 pm. By applying coupling transport from the heavy-hole type-I states to the
light-hole type-II states, large photoresponse is achieved in this QWIP.

The results of various QWIPs developed this program are summarized in Table 1.1, which lists
the peak and cutoff wavelengths, responsivities, detectivities, and background limited performance
temperatures for the QWIPs studied in this project. The background limited performance temper-
atures Tprp range from 45 K up to 100 K. The p-type tensile strained-layer InGaAs/InAlAs QWIP
has the highest BLIP temperature with Tprrp < 100 K, while n-type unstrained InGaAs /InAlAs
QWIP has the lowest BLIP temperature with Tprp ~ 45 K. The dark current densities for some
of the QWIPs studied and a standard GaAs/AlGaAs QWIP at T = 77 K are shown in Fig. 1.2.
The dark current densities for the n-type VT-QWIP and type-II QWIP were found to be about
one order of magnitude lower than that of the standard GaAs/AlGaAs QWIP, whereas the dark
current density of the n-type DM-QWIP was found to be about two orders of magnitude lower
than that of the standard GaAs/AlGaAs QWIP due to the incorporation of the enlarged AlGaAs
barrier layers in the DM-QWIP.

All QWIPs studied here have not been optimized with respect to the layer thickness, doping
profile, growth conditions, and the number of quantum well period. Optimization of these QWIPs
can further improve the quantum efficiency and reduce the dark current. In view of the advantages
such as high growth uniformity, flexible spectral response tunability, and mature processing tech-
nologies for the ITI-V materials over the HgCdTe, large-area and high-quality GaAs QWIP imaging
sensor arrays can be fabricated for a wide variety of applications in the atmospheric spectral window

of 3-5 ym and 8-14 pm wavelength.
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APPENDIX A
ENERGY DISPERSION EQUATION FOR SUPERLATTICE

By 1_1sing the transfer matrix method, the energy dispersion equations for periodic structures
such as multiple quantum wells and superlattices can be deduced [128]. It is assumed that each layer
contains sufficient number of atomic sublayers (i.e. monolayers) so that the effective-mass model
holds for the calculation. From the effective-mass model by using the effective mass envelope
function approach, the solution of the conduction band envelope function for j-th region, ¢;, can

be obtained from
é; +k2¢; =0, (A1)

where k; is the wave propagation constant, k; = 4/ 2—72;(—:;:—‘{52, V. conduction-band minimum energy
referred to the valence-band maximum of the quantum well, and E the electron energy along
the superlattice growth direction. When k; is either real or imaginary, the equation gives either
oscillatory or evanescent wave solution, respectively. For the one-band model and a flat-band
condition, the functions of ¢; and ¢;- /m; should be continuous across the heterointerfaces. These

two continuous functions at the heterointerfaces can be expressed by a 2x1 matrix, which is also

“ called transfer vector,

S ;
S = = # (A.2)
52 e

2

On the other hand, the wave conduction property through the multiple quantum wells or
superlattice system can be also represented by the transmission line concepts with the transfer
impedance Z; = S;/S; and the characteristic impedance Z* = m*/k;. The energy dispersion can

be obtained by setting the total impedance equal to 0 or oo.

For a superlattice with the basis L, the wave transfer equation is given by [S].+1 = [T]-[S].,
where [T] is the transfer matrix (i.e., the transfer matrix of a superlattice is for one period of the

superlattice). If one period of the superlattice consists of N' sublayers, then [T] is given by

Ty T N [ cosk;L;  Z%sink:L:
T = un I =H 1 .J f] 3 4 ’ (A.3)
T21 T22 j=1 —'Z—;'Sanij coskij
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where L; is the thickness of a layer in one period of the superlattice. The dispersion equation for

the system is readily found to be,
T11 + Ty = 2cosk, L, (A4)

where k, is the superlattice wave vector, L the period of the superlattice (=E§-V=1 L;). The con-
duction band nonparabolicity, bias-dependent property, and coupling between X-band and I'-band
could be also included in the transfer matrix expression to give a complicated energy dispersion

relation.

When an electric field F is applied on the superlattice, the conduction band V, is tilted to
be V.(2) = V. - eFz, and Eq. (A.1) and the transfer vector are changed. The transfer matrix

elements T;; are the linear combination of the Airy functions.

For the two-band and three-band models, the transfer vectors, wave vectors, transfer matrices,
and dispersion relation are the same as the one-band results except that the effective mass m} for

j-th layer in the superlattice is replaced by,

»*

m; = (l—_jn—,y")ETg:(E - Viuj) (A.5)

for the two-band model (i.e., conduction and light-hole bands), and

. m:  3E,+2A, (E-Vso;)(E - Viu;)

m: = A6
7 (1-7)Egp Egp+ A, 2(E-Vso5)+ (E - Vinj) (4.6)

for the three-band model (i.e., conduction, light-hole, and split-off bands), where m}, Eg,, 7, and
A, are the effective mass, energy bandgap, effective mass ratio (i.e., m}/m,, m, free electron mass),
and split-off energy for the quantum well, respectively. Vi and Vgo are the light-hole band and
split-off band maximum (referred to the quantum well valence band maximum), respectively. It is
notice that the effective masses of the electrons for both two-band and three-band models depend
not only on the coupling effects among S-type conduction band and P-type valence bands, but also
on the their energy magnitude.

All above dispersion relations for the one-band, two-band, or three-band models are valid
only for near I'-point or X-point single valley quantum well/superlattice structures. However, in
the multivalleys quantum well/superlattice structures such as I-X interaction (or coupling) in a
type-II structure, the above simple envelope function approach breaks down since the coupling
of their Bloch functions between the host materials cannot be neglected. Due to the lack of the
translational symmetry at the interfaces in the I'-X coupling superlattice, I'-X valleys can couple

with each other, and the electron states at the interfaces are a mixture of the zone-center I' and
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zone-edge X related bulk states. The wave function 4 is a mixed-symmetry form, and is written
as the sum of the products of slowly varying envelope functions ¢, and Bloch functions ¢p for
I'-valley and X-valley,

% = (¢=98)r + (9ndB)x. (A7)

On the other hand, the wave function 1 can be written in the vector notation,

Yr
P = . A8
b (A.8)

The elastic intervalley interactions are possible only between the I' minimum and k, direction
of the X-minima due to the potential discontinuity in k, direction of X-minima. The lateral k; and
k, momenta in the X-minima do not play roles in the intervalley interaction (or mixing) because of
their momentum conservation requirement in the quantum well/superlattice structure. The lateral
interaction may be activated if the heterointerface roughness is taken into the consideration or
the superlattice layers are grown on a tilted direction with respect to principal axes of ellipsoidal
energy surface in X-valley. The transfer potential energy Vrx for the intervalley interaction can

be expressed by [95],
Vig = r  ad(z) (A.9)
ad(z) Vx
where diagonal terms Vr and Vx are the energy band offset potential for I' and X valleys, respec-
tively, and off-diagonal elements aé(z) model the I'-X coupling strength at the interfaces. o is the
coupling constant (typical value 0.1 ~ 0.2 eVA), and §(z) is the Dirac delta function. The effective

mass Hamiltonian is,
_B28 _a Vi §
H= 2 9zmpoz r a (Z)

0
2
0 -Sinm ablz) Vx

(A.10)

By using the wave function connection rules across the interface, the coupled wave functions % can

be obtained with using experimentally-determined coupling constant a.

The dispersion relation for the coupling system can also be calculated by using the transfer
matrix method. If the transfer vector notation is used in the I' valley and X valley wave functions,

then transfer vector [Sr] and [Sx] are expressed by,

¥r ¥vx
mp mx
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The uncoupled elements [Tr] and [T x] of the transfer matrices for I'-X coupled quantum well/superlattice

have the similar form as Eq. (A.3), whereas the coupled elements [Trx] are,

0 0

Trx =Txr=| ,_ (A.12)
't 0

The total transfer matrix becomes a 4 x4 matrix, and the overall transfer equation is written as,

St | Tr Trx | | Sr (A.13)
Sx Txr Tx Sx
z4+L z

The allowed minibands occur at the energies where the eigenvalues of [T] have absolute values equal
to one. When the coupling interaction from light-hole band and split-off band becomes important
in addition to the intervalley coupling, the uncoupled transfer elements [Tr] and [Tx] for the
two-band or three-band model should be used, and then the 4x4 transfer matrix can still give

reasonable miniband structures.
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OPTICAL MATRIX FOR STRAINED-LAYER SUPERLATTICE

APPENDIX B

The optical matrix elements |é - P; ¢ can be obtained from the k.p matrix elements, which

have the same form as the k.p matrix elements except that k;k; is replaced with k;e; + kje; and

multiplied by a constant factor m,/%k [121]. The 3x3 optical matrix elements are given as follows:

where the T;; are given by

Tun =
T =
Tss =

Tur =

Tus =

Tps =

Tsy =
Tsy =

™
Itg =

Tuny Tur Tus
me

5 Teaw Tir Tis

Tsu Tsp Tss

2(A — B)e k. + (2A + B)(ezks + €4ky),
2(A + B)ek, + (2A — B) (ks + €4ky),
2A(ek; + exkz + €5ky),

.1

VB
—V3B(eyk, — €,k )cosy

+—1§N(e$ky + eykz)siny,

7
1
V6
+j\/gB(e,,k,, — €yky)cosx

2 ,
——N{(ezky + eykz)siny,

N(ezcosn — e, 8inn)k, — j-l-Nezk
Yy 3 ”

N(—ezcosn + egsinn)k, + %Nezk“

V6
72V2Be, + %Nezcos(x —n)— esin(x — n)| k;
~jV2B(eks + €yky)
——\%-Nezk”cos(x - 2n),
Ths,
Tis,
Tirr-

Here A, B, N, 7, and x are the inverse mass band parameters [121)].
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